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The paper presents a review of more than a century-long history of Kyiv school of the theory of
structure, the foundation of which was laid by world-famous scientists V.L. Kirpichov and
S.P. Tymoshenko. The birth of the Kyiv scientific school of the Theory of structures is associated in
this paper with the establishment at the Kyiv Polytechnic Institute the Strength of Materials
Department. It is noted that further formation and development of the theory of structures was
facilitated by the creation in 1918 of the Ukrainian Academy of Sciences, the Institute of Mechanics
of the NAS of Ukraine, expansion of relevant research in higher education institutions, creation of
new academic and sectoral research institutions, most of which is located in Kyiv. The contribution
of Kiev scientists to the development of methods for analyzing spatial structures of bar and shell
type, their inelastic behavior, as well as dynamics and stability is reflected.

Particular attention is paid to the fundamentally new opportunities for the development of the
theory of structures in the era of numerical analysis. The successes of Kiev mechanics in the field of
development and improvement of structure analysis numerical methods, such as the finite difference
method and various modifications of finite element methods, are emphasized. Kiev engineers and
scientists are also known for their developments in the field of design and calculation of modern
cable-stayed structures, as well as optimal design. The activities of the scientific school of structural
mechanics of the Kyiv National University of Construction and Architecture are also covered in the
review.

In the final part of the paper the new issues connected with the justification of calculation
models and the analysis of reliability of constructions are considered. Some of this problems are
dictated by the demands of practice, in particular those that arosed in the process of Chernobyl New
Safe Confinement designing.

The publication contains a wide bibliography.

Keywords: bar systems, stability, shells, structural mechanics, finite difference method, finite
element method, calculation model.

Foreword. Theory of structures is complex discipline which largely lost its
original essence of the “teachings about the life of structures™. Now it is

! Dedicated to the 90™ Anniversary of the Kyiv National University of Construction and
Architecture

2 Such a definition is given in the book by P.A. Velikhov "Theory of engineering structures"
(Moscow: Gosstroyizdat, 1924).

© Bazhenov V.A., Perelmuter A.V., Vorona Yu.V.
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identified with a number of other disciplines such as strength of materials,
structural mechanics, theory of elasticity and theory of plasticity (strength
disciplines) and general sections of the engineering analysis of the bearing
structures. Many of these disciplines are actively engaged in their own lives,
naturally, serving the theory of structures, but often focused on some of the
internal problems of general scientific orientation. So, to the theory of structures
that is adjacent (but, in our opinion, are not included as part of) to the analysis of
mechanical properties of structural materials, as well as such problems of
mechanics of solids as the mathematical theory of elasticity, theories of plasticity,
thermoelasticity, thermoplastic elasticity, etc. There is no clear boundary, but in
this review we will not enter any seriously on “neighbouring territory”.

The emergence of the Kyiv scientific school of the Theory of structures is
associated with the establishment in 1899 at the newly organized Kyiv
Polytechnic Institute’ (KPI) the Strength of Materials Department.

Further, the formation and development of the theory of structures was
facilitated by the creation in 1918 of the Ukrainian Academy of Sciences, the
Institute of Mechanics of the NAS of Ukraine, expansion of relevant research in
higher education institutions, creation of new academic and sectoral research
institutions. This review presents the substantive side of these studies. The
bibliography is quite extensive.

When selecting quoted sources, monographic publications are indicated first.
References to articles in periodicals, as a rule, represent specific examples and
are not exhaustive lists of sources. The accents in the thematic selection, of
course, are determined by the interests of the authors, are open to expansion and
do not pretend to be ranked according to the importance of certain problems.

The authors hope that the book will be useful and will evoke pleasant
memories for many students of the Kyiv School, who now work fruitfully in
many countries of the world.

Studying the history of knowledge helps to familiarize the reader with
historically objective evaluations of certain research results and priorities, to
realize the sometimes long and extraordinarily thorny path of formation even
small and obvious scientific achievements and truths. Equally important, it helps
to reflect that atmosphere of deep mutual respect and goodwill which, despite
the lengthy and intense discussions, has prevailed and should prevaile in the
scientific community of modern society.

The authors of the work are graduates of Kyiv Civil Engineering Institute
(now Kyiv National University of Construction and Architecture), which
celebrates its 90th anniversary in 2020. The authors dedicate this publication to
this significant event, as well as the blessed memory of their dear teachers and
colleagues.

3 Over the 120 years of its existence, the Institute has repeatedly changed its name, in (1934-1944) it
was the Kyiv Industrial Institute, today it is the National Technical University of Ukraine "Igor
Sikorsky Kyiv Polytechnic Institute".
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1. FIRST STEPS

An outstanding scientist and organizer of engineering education, the first
Rector of the KPI Professor Emeritus V.L. Kirpichov clearly understood the
need for radical reform of higher engineering education in accordance with
urgent demands of industry, as well as the development of mechanics in general
and structural theory in particular (and he was personally interested in this
section of mechanics) in physics and technology direction.

In 1899, a year after the opening of the Institute, V.L. Kirpichov began to
lecture at the Strength of materials Department on a wide range of strength
disciplines [253, 256, 255] (strength of materials, graphical statics, etc.). His
classic work [254] presented the theory of statically indeterminate structures in a
very compact and transparent way and completed the period of the theory of
structures formation in Russia.

Kirpichov Viktor Lvovych (1845-1913) was a Privy
Councillor and Professor Emeritus.

In 1868 he graduated from Mikhailovskaya artillery
Academy. From 1869 he started lecturing on strength of
materials. In 1873 he trained abroad. He listened the course of
experimental and theoretical physics by G.R. Kirchhoff in
Heidelberg. Then he got acquainted with the machine-building
plants and hydraulic facilities in Germany, Belgium and
Switzerland.

Later he worked under the direction of Thomson and J.C. Maxwell. In 1876
V.L. Kirpichov became a Professor of the Petersburg technological Institute.

In 1885 V.L. Kirpichov was instructed to organize practical technological Institute
in Kharkiv. Viktor Lvovych brilliantly fulfilled the order. Under his leadership, the
Kharkiv technological Institute quickly gained a high reputation. In early 1898 V.L.
Kirpichov organized Kyiv Polytechnic Institute and headed it until 1902.

In 1902 he was appointed as a member of the Council of Minister of Finance, and
in the spring of 1903 he became the Chairman of the Construction Commission of St.
Petersburg Polytechnic Institute. Until the end of his days he lectured on applied
mechanics and engineering

On the initiative of V.L. Kirpichov many talented scientists from different
universities of the former Russian Empire was invited to KPI. Among them
were the bridge building specialist Professor Yevgeni Oscarovych Paton and
specialist on the mechanics of materials and structures Professor Stepan
Prokopovych Timoshenko. It was they, together with V.L. Kirpichov, who laid
the Foundation of Kyiv scientific School of mechanics.

By the time of moving to Kyiv, Ye.O. Paton published the first volume of
his four-volume course “Iron Bridges”, as well as the work that played an
important role in the theory of structures [318]. In this work, a study was carried
out, revealing the conditions under which it was possible to use a hinged design
scheme of a truss, nodes of which were not perfect hinges. A notable influence
on the development of the theory of structures was made by the studies of Ye.O.
Paton, dedicated to the "laws of weight" of bridge structures [320].
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Paton Yevgenii Oscarovych (1870-1953) was a famous
scientis and engineer who worked in the field of welding, bridge
engineering and structural mechanics. Hero of Socialist Labor
(1943), laureate of Stalin Prize. He graduated from the Dresden ; x -
Polytechnical  Institute  (1894), and the St.-Petersburg E .
communications engineers institute (1896). He taught at the
Moscow engineering school of communications (1899-1904), at
the Kyiv Polytechnic Institute (1904-1938) and at the Kyiv
construction College of railway transport.

In 1909-1911 the Mukhrani bridge across the Kura River in Tiflis was built
according to his design.

In 1925 the chain bridge named after Eugenia Bosch was built in Kyiv according to the
project of Paton. He was the author and project leader for more than 100 of the welded
bridges. In 1929 he founded Welding lab and Welding Committee in Kyiv. E.O. Paton was
head of Welding lab and Welding Committee (1929-1933), on the basis of which the Electric
Welding Institute was created in 1934. Now the Electric Welding Institute bears his name.

Further, Yevgenii Oskarovych led the department of bridge engineering in
KPI for 25 years and many of his students have become famous scientists.
Among them are the author of the Dneproges project, Academician
I.G. Aleksandrov, Vice-President of the Academy of Sciences of the Ukrainian
SSR K.K. Syminsky, Academicians of the Academy of Sciences of the
Ukrainian SSR  F.P. Belyankin, M.V. Kornoukhov and S.V. Serensen,
corresponding member of the Ukrainian SSR Academy of Sciences
B.M. Gorbunov, Doctor of Technical Sciences O.A. Umansky and others.

Combining teaching with practical engineering, E.O. Paton had already done
a lot in the 1920s: according to his projects, bridges were built in Tiflis (Tbilisi),
two bridges across the Ros River, a pedestrian bridge across the Petrivska alley
in Kyiv. The third and fourth volumes of his fundamental work “Iron Bridges”
were published, as well as a separate no less serious work “Wooden Bridges”. In
1917, as many as two textbooks, one atlas of drawings, and nine scientific
articles appeared from his pen. The Kyiv bridge named after Eugenia Bosch
(Fig. 1) was restored under his leadership.

Fig. 1. Eugenia Bosch bridge



ISSN 2410-2547
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2020. Ne 104

Yevgenii Oskarovych ran the Kyiv test station of the Central institute of
structures of the People's Commissariat for Railways, and did a great job of
summarizing the test results on operated and restored railway bridges.

In particular, an assessment of the errors that occur due to neglecting the
rigidity of the nodes, when calculating bridge trusses, by comparing the data on
the measured stresses with their calculated values was made [319]. Interesting
data were also obtained while testing the bridge, specially designed and built by
the Kyiv test station for experiments [324].

Together with his student B.M. Gorbunov, he continuously improved his
multi-volume course of steel bridges, which was published in several editions
and was a true encyclopedia of bridge building, in which the issues of structural
resistance were presented in an exhaustively detailed form.

Timoshenko Stepan Prokopovych (1878-1972) - Professor, ;
Academician of the Ukrainian Academy of Sciences (1918), ' sy
Foreign Member of the Academy of Sciences of the USSR (1964, : \
Corresponding Member, 1928). Honorary member of the A
Academies of Sciences, Scientific Societies, Honorary Doctor of \ &
the most famous universities in many countries of the world. In v —
1901 he graduated from the St. Petersburg communication I*" /
engineers institute. /)

In 1906 he defended his dissertation. In 1906-1911, 1918-1920 - Professor of the
Strength of Materials Department in the Kyiv Polytechnic Institute, 1912-1917 -
Professor in the Polytechnic, Electrotechnical Institutes and Communication
engineers institute in St. Petersburg.

In 1919 -1920 - the first director of the Institute of Technical Mechanics (now the
S.P. Timoshenko Institute of Mechanics of the National Academy of Sciences of
Ukraine). In 1920-1921- Professor of the Zagreb Polytechnic Institute. From 1923 to
1927 - scientific consultant of the company "Westinghouse". He organized the
mechanics section at the American Society of Mechanical Engineers (1927). In 1927-
1936 - Professor of the University of Michigan; 1936 -1943 - Head of the Department
of Mechanics, 1943 -1960 - Professor of the Department of Mechanics in Stanford
University (California). From 1960 to 1972 he lived in Wuppertal, Germany.

4

The years of S.P. Timoshenko work in Kyiv became a bright stage in the
development of the theory of structures in the KPI. He worked in the KPI from
1906 to 1920 with a break from 1911-1917. V.L. Kirpichov knew him very well
from their joint work in Petersburg and offered Stepan Prokopovych to take part
in the competition for the head of the strength of materials department.

Combining teaching with active research, S.P. Timoshenko received a
number of outstanding results on various issues of strength analysis [451, 450,
452, 448], including those in a series of studies on the theory of the elastic
systems equilibrium stability [453, 454, 455, 456]. The work [456] was awarded
the D.I. Zhuravsky prize and medal. In 1908 S.P. Timoshenko published a
textbook on the strength of materials [449, 458], which became a classic and
was later reprinted many times in many languages of the world.

The energy approach was developed in the works of S.P. Timoshenko on the
problem of equilibrium stability. Since his first work in 1907 [455], where the
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energy method was used, he has widely
) % applied it to the most diverse problems
( of eclastic systems stability [456],
a including the energy derivation of the

Euler formula [454].
N The problem of lateral buckling of
* beams with narrow rectangular cross-
™ b section was first considered by Prandtl.
Fig. 2. Free and restrained torsion ofa I- Further development of this problem
beam (picture is taken from [457]) belongs to Timoshenko, who in 1905-
1906 obtained the basic differential
equation for the torsion of symmetrical I-beams and on this basis investigated
the lateral buckling of transversely loaded high I-beams [457]. This study by
S.P. Timoshenko was later represented at the Kyiv Polytechnic Institute for the
adjunct in applied mechanics degree defense (the opponents were

V.L. Kirpichov, A.A. Radtsig and N.B. Delone).

But the main thing is that S.P. Timoshenko turned the Prandtl academic
problem into a problem of great importance for the practice of bridge
engineering. In connection with the problem of spatial buckling, the issue of
torsional loss of stability, which was also considered by S.P. Timoshenko [457],
became very important.

It should be noted that in solving this problem S.P. Timoshenko found that
the Saint-Venant principle is not applicable for torsion of an I-beam. The twist
angle depends not only on the magnitude of the torque and the torsional rigidity
of the beam, but also on the way of fixing its ends (Fig. 2).

In [455] S.P. Timoshenko considered the problem of buckling of rectangular
plates, under various conditions of supporting the edges parallel to the acting
compressive forces. He also considered the buckling of rectangular plate whose
unloaded side is unrestrained.

2. ORGANIZATIONAL ACTIVITY. FOUNDATION OF THE

UKRAINIAN ACADEMY OF SCIENCES. S.P. TIMOSHENKO

INSTITUTE OF MECHANICS OF THE NAS OF UKRAINE

S.P. Timoshenko did a great deal of organizational work. From 1909 to 1911 he
was dean of the mechanical and engineering departments. From the post of dean, he,
along with two other deans of the KPI, was dismissed by order of the Minister of
Education Kasso for refusing to dismiss Jewish students who had been accepted in
excess of the so-called “percentage rate”. Returning to Kyiv in 1918,
S.P. Timoshenko took an active part in the work of the V.I. Vernadsky commission
drafting a law on the establishment of the Ukrainian Academy of Sciences.

S.P. Timoshenko’s participation in the creation of the Ukrainian Academy of
Sciences should be especially noted.

After the collapse of the Russian Empire, the Ukrainian Scientific Society
(USS), created in 1907 in Kyiv and headed by M.S. Grushevsky, at a joint
meeting on July 8, 1917 formed the Commission for the establishment of the
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Ukrainian Academy of Sciences. And on April 3, 1918, the USS addressed to
the Ministry of Education of the Ukrainian People's Republic (UPR) with a
proposal to consider the possibility of financing the work of reorganization the
USS into the Ukrainian Academy of Sciences. National Academy of Sciences
on the concept of M.S. Grushevskogo was to become a non-governmental
institution without its own scientific institutions.

Almost at the same time, another concept of creating a national academic
center emerged. In September-October 1917 in Petrograd, N.P. Vasilenko, who
was a friend of the Minister of Public Education of Russia, together with
V.1. Vernadsky, who was also a fellow of the Minister of Education of Russia,
and others advocated the creation of state-owned research organizations in
Ukraine, Georgia, and Siberia.

For the organization of the Ukrainian Academy of Sciences (UAS)
M.P. Vasylenko invited V.I. Vernadsky, who was in Poltava during this period.
The famous organizer of science V.I. Vernadsky was a supporter of the creation
of a state network of research institutes. He, as a man of advanced views, openly
believed that "the task is not a state organization of science, but state assistance
to the scientific creativity of the nation." On June 7, V.I. Vernadsky discussed
the creation of the UAS with M.S. Grushevsky, who stood on the principles of
building the UAS as a free union of high scientific authorities. His position was
against the concept of Vernadsky-Vasylenko. The same thing happened with
respect to the staff and direction of the UAS. V.I. Vernadsky insisted on creating
the "Academy of Ukrainian Studies", at least at the initial stage.
M.S. Grushevsky himself categorically refused to participate in any activities
proposed by the government of P.P. Skoropadsky.

The first meeting of
the Commission for the
development of the bill
on the establishment of
the Ukrainian Academy
of Sciences was held in
the office of Minister
M.P. Vasilenko on July

Mykola Volodymyr Pavlo Petrovych
9, 1918. It was attended Prokopovych Ivanovych Skoropadsky
by V.1. Vernadsky, Vasylenko Vernadsky (1873 — 1945)
(1866-1935) (1863 — 1945)

N.F. Kashchenko,
D.I. Bagaley, S.P. Timoshenko, P.A.Tutkovsky and others. Later
A.E. Krymsky, M.I. Tugan-Baranovsky and others became members of the
Commission.

The Commission identified the fundamental problems associated with the
development of the structure of the Academy and the composition of its
departments, a list of departments, scientific institutions, and the procedure for
their formation. At this meeting, they came to the conclusion that the
appointment of the first Academy staff by the highest authority is logical, given
that the UAS was created by the state.
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The initiative group, headed by V.I. Vernadsky instructed S.P. Timoshenko
to make a report on the organization of the unit of applied sciences in the
physical and mathematical department of the Ukrainian Academy of Sciences.
The idea of bringing science closer to the demands of life has always been
attractive to S.P. Timoshenko, and he joyfully and with great interest began to
compose a note.

S.P. Timoshenko wrote in the introductory part, “A characteristic feature of
the modern development of industry and technology is the widespread use of the
scientific method and the facts gathered by science. The times when science and
technology have taken different paths is over, and now they often use the
powerful tool that mathematics and mechanics give us to solve purely technical
problems. They use the methods of experimental sciences and widely adapt
them to solve technical problems in the laboratory. ... The Academy of Sciences
should take the initiative in combining science and technology. Due to its
central position and scientific authority, it will be able to gather around itself the
few scientific forces that currently exist in Ukraine and combine them in a
common work where cooperation between people of technology and science
will be possible.” S.P. Timoshenko further noted that “representatives of
technical science will be able to use scientific methods and knowledge
accumulated by pure science to a greater extent than now. On the other hand,
representatives of pure science in the field of applied natural sciences will
encounter a number of new, unexplored issues, the solution of which will not
only enrich science, but will also contribute to the development of industry and
the technical life of the region. In the field of experimental activity, people of
science will be able to use those powerful tools that modern technology gives
into the hands of the experimenter.”

S.P. Timoshenko believed that the newly formed Ukrainian Academy of
Sciences should pay more attention to combining pure science with the solution of
technical problems, in accordance with the needs of technology.

The commission completed its work on the draft law on the creation of the
Ukrainian Academy of Sciences on September 17, and on October 12, the
Minister of Education and Arts N.P. Vasilenko submitted a package of
documents to the Council of Ministers. On November 14, 1918 Hetman of
Ukraine P.P. Skoropadsky approved the “Law of the Ukrainian State on the
Formation of the Ukrainian Academy of Sciences in Kyiv” adopted by the
Council of Ministers, as well as the Charter and staff of the Academy and its
institutions attached to it.

In the period from November 1918 to January 1919, the UAS carried out
active scientific and organizational work. The Department of Physics and
Mathematics of the UAS consisted of 14 departments of the main class and 16
departments of the class of applied natural sciences.

At this time, academic departments of the physics and mathematics
subdivision were founded, including the Department of Applied Mechanics,
which was headed by S.P. Timoshenko. At the same time, elections and
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approval in the posts of directors were held. On November 27, 1918, the first
General Meeting of the UAS was held, at which V.I. Vernadsky was elected
Chairman-President of the Academy. And at the second General Meeting of the
UAS, which held on November 30, the Institute of Technical Mechanics of the
UAS was formed and S.P. Timoshenko was approved as its director. During the
first decade of its existence, the institute occupyed a leading place in the
physical and mathematical subdivision.

In 1929 the Institute of Technical Mechanics was divided into the Institute of
Structural Mechanics and the Cabinet of Transport Mechanics. In 1959, by the
Decree of the Council of Ministers of the Ukrainian SSR, the Institute of
Structural Mechanics was renamed the Institute of Mechanics of the Academy
of Sciences of the Ukrainian SSR, and in 1993 by the Decree of the Presidium
of the National Academy of Science of Ukraine (NASU), the Institute of
Mechanics was named after S.P. Timoshenko.

Actually the entire history of the development of the institute, on the basis of
which a number of other independent scientific institutions of the Academy of
Sciences of the Ukrainian SSR was created, is based to some extent on the
principles laid down by S.P. Timoshenko at the dawn of the emergence of
Ukrainian academic science. It is worth recognizing that the ideas expressed by
him almost a hundred years ago during the organization of the Ukrainian
Academy of Sciences turned out to be quite progressive and embodied in
practice. The experience of the first Ukrainian Academy of Sciences, where
technical sciences were included in the number of academic sciences for the first
time in world practice, was later spread in the practice of the USSR Academy of
Sciences and in all other republican academies. Ideas of S.P. Timoshenko, laid
down by him during the creation of the Ukrainian Academy of Sciences, over
time having received further development, today contributes to the widespread
implementation of the results of scientific achievements in practice.

The Institute was headed by well-known academicians of the NAS of
Ukraine: S.P. Timoshenko (1918 1920), D.A. Grave (1921), K.K. Syminsky
(1921 1932), S.V. Serensen (1932-1940), M.V. Kornoukhov (1940-1944),
F.P. Belyankin (1944-1958), G.M. Savin (1958-1959), A.D. Kovalenko (1959-
1965), V.0. Kononenko (1965-1975). Since 1976, the Institute has been headed
by O.M. Guz.

Today, Ukraine has a high world level of development of mechanics and
related sciences.

The level of science is determined, for example, by the existence of the
Department of Mechanics and a number of scientific institutions at the National
Academy of Sciences of Ukraine. These are such well-known in world science
institutes as S.P. Timoshenko Institute of Mechanics, G.S. Pisarenko Institute
for Problems of Strength, Institute of Hydromechanics, Ya.S. Pidstrihach
Institute for Applied Problems of Mechanics and Mathematics, Karpenko
Physico-Mechanical Institute, Institute of Applied Mathematics and Mechanics,
M.S. Polyakov Institute of Geotechnical Mechanics, Institute of Technical
Mechanics and a number of institutions close to mechanics: V. Bakul Institute
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for Superhard Materials, E.O. Paton Electric Welding Institute, A. Pidgorny
Institute of Mechanical Engineering Problems and others. It should also be
noted that in Kyiv, Lviv, Odessa, Dnieper, Kharkiv there are world-famous
scientific schools on mechanics and 4 scientific journals on mechanics are
published, which are translated into English by the world's largest scientific
publishing house Springer Group. Significant research has been carried out in
departments and research institutes of leading universities, research institutes
and other institutions.

Stepan Dmytro Kostiantyn Serhii Mykola
Prokopovych Olexandrovych Kostiantynovych Volodymyro- Vasyliovych
Timoshenko Grave Syminsky vych Serensen Kornoukhov

(1878-1972) (1863-1939) (1879-1932) (1905-1977) (1903-1958)

Fedir Pavlovych Gurii Anatolii Viktor Olexandr
Beliankin Mykolaiovych Dmytrovych Olimpanovych Mykolaiovych
(1892-1972) Savin Kovalenko Kononenko Guz
(1907-1975) (1905-1973) (1918-1975)

The National Committee of Ukraine for Theoretical and Applied Mechanics
(NCU) was formed in accordance with the Decree of the Presidium of the
Academy of Sciences of Ukraine No. 191 dated July 3, 1992. The same Decree
entrusted the Institute of Mechanics of the Academy of Sciences of Ukraine
(IM) with the functions of the base institution of the NCU.

MERTVHAPORHBIR

TTPUKJIAAHASA | International TPOEMEMBI

MEXAHHUKA ‘ m]“lmlm'"' Strength of
SIRENGTH

Materials

OF MATERIALS

THE
INTERNATIONAL
JOURNAL

The constituent meeting of the committee, which was attended by 202
leading scientists of Ukraine, working in the field of mechanics and related



ISSN 2410-2547 13
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2020. Ne 104

sciences and representing various scientific centers of Ukraine, was held on June
7, 1993.

The main tasks of the NCU are: preparation and holding of scientific forums
on theoretical and applied mechanics and related sciences; facilitating the
coordination of scientific research on selected issues of mechanics conducted by
scientists in various institutions, departments and industries; strengthening the
relations of Ukrainian mechanics with foreign scientists, as well as
organizations and international societies with the aim of developing mechanics;
spread of scientific and technical information on mechanics; representation of
Ukrainian mechanics at the International Union of Theoretical and Applied
Mechanics (IUTAM) and other international organizations in mechanics and
related sciences.

IUTAM was organized on September 22, 1946 at the constituent assembly
of the world's leading mechanics at the Sorbonne University in Paris and is
currently the most prestigious scientific union in the field of mechanics. It is
appropriate to indicate that world physics is united into the International Union
of Pure and Applied Physics - [UPAP.

Second most important after IUTAM is the European Mechanics Society,
this society assumes only the personal membership of scientists. The third is the
Society for Applied Mathematics and Mechanics (GAMM - Gesellschaft fur
angewandte Mathematik und Mechanik), where Ukrainian scientists have their
representatives along with other scientists from Eastern Europe.

The last at the time of writing this work, the Presidium of the NCU was
elected at the General Reporting and Election Meeting on February 10, 2014. It
consists of 5 people: the chairman - Guz O.M., the deputy chairman - Bazhenov
V.A., Matveiev V.V., Martynyuk A.A., Shevchenko V.P., Scientific Secretary -
Ruschitsky Ya.Ya. Chairman of the Committee O.M. Guz is an academician of
the National Academy of Sciences of Ukraine, member of European Academy
of Sciences (Brussels), Member of Academia Europaea (London), member of
the World Innovation Foundation (London).

NCU is an affiliate of IUTAM (in total, 55 countries in which mechanics
have reached a certain level of development are affiliated members). In 2000 at
the session of the [IUTAM General Assembly in Chicago (USA), following a
vote, Ukraine was admitted to [IUTAM. O.M.Guz was elected representative of
Ukraine in the General Assembly.

NCU promotes the development of all important and relevant areas of basic
research in the field of mechanics and related sciences, using various means (support
for publications in the international scientific journal International Applied
Mechanics, discussion at scientific seminars and scientific conferences, etc.).

In total, the NCU currently consists of 282 members - doctors of sciences in
mechanics and related branches of science, who represent approximately equally
academic and university science.

NCU is the only all-Ukrainian public organization that brings together
scientists from all areas of Ukraine working in the field of mechanics and
related sciences, and which creates a platform for discussing all the important
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problems of the development of mechanics and related sciences. The influence
of NCU members on scientific research in the field of mechanics is dominant
and determining.

The activity of the NCU is aimed both at maintaining the world level of
development of mechanics achieved by previous and modern generations of
Ukrainian scientists, and at developing new areas of mechanics (for example,
nanomechanics, biomechanics, tribomechanics, etc.)

3. FURTHER DEVELOPMENT AND FORMATION OF THE

THEORY OF STRUCTURES

The further formation and development of the Kyiv School of Theory of
Structures is associated with graduates of Kyiv University and the Kyiv
Polytechnic Institute.

So, the practical classes in mechanics were supervised by Olexandr
Mykolaiovych Dynnyk, who graduated from Kyiv University in 1899 and
became a laboratory assistant in physics at the newly organized Kyiv
Polytechnic Institute. In 1909, he wrote a paper [87], in which he first gave a
solution to the shock problem for the case of linear contact, and also determined
the maximum tangential stresses and the points where they are observed.

KPI graduate of 1907 K.K. Syminsky began his pedagogical activity, which
lasted 25 years at the same institute.

Thesis for the title of Adjunct of Structural Mechanics K.K. Syminsky
defended in 1914, after which he was elected as a professor of the strength of
materials department and head of the mechanical laboratory of the KPI. While
working in the KPI, he lectured on the strength of materials course, as well as on
graphic statics, and led the practice of students. K.K. Syminsky was the first to
study the problems of fatigue and strength of steels, spatial trusses for bridges
[439], created a number of instruments for testing bridges and lattice structures,
and developed the theory of granite strength.

Syminsky Kostiantyn Kostiantynovych (1879-1932) -
Professor (1914), full member of the Academy of Sciences of the
Ukrainian SSR (1925).

He graduated from the Kyiv Polytechnic Institute in 1907,
and in 1907-1932 he worked as a teacher at the Kyiv Polytechnic
Institute. In 1920-1921 - Dean of the Faculty of Civil
Engineering, 1924-1926 - Vice-Rector for Academic Affairs.

At the same time, he worked in 1921-1932 as director of the
Institute of Technical Mechanics of the Academy of Sciences of .
the Ukrainian SSR (now S.P. Timoshenko Institute of Mechanics of the National
Academy of Sciences of Ukraine), in 1929-1932 - Director of the Kyiv department of
the Scientific and Research Institute of Structures.

He led the strength of materials department and mechanical laboratory from
1914 to 1932. Beginning in 1921, in connection with the appointment of
K.K. Syminsky to the post of Director of the Institute of Technical Mechanics of
the Academy of Sciences of the Ukrainian SSR, the scientific work at the
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department was closely associated with the scientific activities of this institute.
Most of the department staff worked at the same time at the institute. These
were such apprentices of K.K. Syminsky as famous scientists in the field of
mechanics of materials and engineering structures M.M. Davydenkov and
F.P. Belyankin.

Own work of K.K. Syminsky on structural mechanics [442, 443, 444, 445],
especially on the analysis of spatial systems [438, 440], contained a number of
new interesting results. In particular, in the textbook [443], a method for the
gradual introduction of increasingly complex basic determinate structure has
been developed. It should also be noted that in his article [441] the problem of
prestressing was apparently considered for the first time as a design technique.

The works of K.K. Syminsky had a great influence on the direction of
researchthat was carried out at the KPI and at the Institute of Technical
Mechanics. On his initiative, the focus of the Institute’s work was clarified, and
the Institute itself was reorganized in 1929 into the Institute of Structural
Mechanics of the Academy of Sciences of Ukraine.

The graduate of the department was S.V.Serensen, the world-famous
founder of the scientific direction in the cyclic and thermocyclic strength of
modern mechanical engineering, in particular aircraft engine building, the
fracture and durability of engineering structures. He was a graduate of 1926 and
passed the way from a laboratory assistant to a professor, head of the department
(1931). From 1932 to 1940 S.V. Serensen worked as director of the Institute of
Structural Mechanics of the Academy of Sciences of the Ukrainian SSR and
head of the department of aircraft engineering at the Kyiv Aviation Institute
(1933-1941). In 1939 he was elected an academician of the Academy of
Sciences of the Ukrainian SSR.

In the prewar years, KPI conducted research on strength in power
engineering, the results of which were defended in the form of a number of
candidate dissertations. Among them were dissertations of graduate students
A.D. Kovalenko “Study of stresses in the wheels of turbomachines” (1938) and
G.S. Pisarenko “Determination of deflections and stresses in detachable
elements of steam turbines” (February 1941). Both of them later became
academicians of the Academy of Sciences of the Ukrainian SSR.

Due to the occupation of Kyiv, many teachers of the department were
evacuated together with the Academy of Sciences of Ukraine to Ufa. On
returning after evacuation, the strength of materials department of KPI was
headed by a corresponding member of the Ukrainian Academy of Sciences
F.P. Belyankin (full member since 1948). Simultaneously with the leadership of
the department (1944-1952), he was the director of the Institute of Mechanics
(1944-1958), and gave lectures on “Strength of Materials” and “Theory of
Elasticity”.

In 1952-1959 and 1961-1984 the department was headed by Professor
G.S. Pisarenko. Out of 32 years of heading Department, 26 he worked part-time,
having the main job in the Academy of Sciences of the Ukrainian SSR - as
director of the Institute for Problems of Strength (1966-1988), Chief Scientific
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Secretary of the Presidium (1962-1966), First Vice-President of the Academy of
Sciences of the Ukrainian SSR (1970-1978). From 1959 to 1961 the strength of
materials department was headed by prof. V.V. Khilchevsky.

Mykola Fedir Pavlovych Anatolii Dmytrovych Serhii
Mykolaiovych Beliankin Kovalenko Volodymyrovych
Davydenkov (1892 -1972) (1905-1973) Serensen
(1879 - 1962) (1905 -1977)

Managing the department, prof. G.S. Pisarenko did a lot for the development
of creative cooperation of the department with scientific institutes of the
Academy of Sciences of the Ukrainian SSR, attracting leading scientists from
the Academy to work simultaneously in the department, conducting scientific
seminars with the participation of scientists from other universities. For the
preparation of scientific personnel not only the experimental base of the
department was exploited, but also the one of Academy of Sciences.

G.S. Pisarenko considered the training of highly qualified scientific and
pedagogical personnel as one of his main targets. He took care of improving the
teaching of the course as well as the preparation of textbooks and tutorials on
the strength of materials. He considered laboratory studies as a necessary
condition for increasing the level of assimilation of educational material by
students and made significant efforts to attract talented youth to work at the
department.

In the sixties, actual researches on the strength and durability of heat-
resistant materials received further development at the department. The results
of these researches were introduced into the design practice of a number of
enterprises and organizations of the aerospace complex. These studies were led
by a student of academician G.S. Pisarenko prof. M.S. Mozharovsky, who
headed the department in 1984.

The staff of the department G.S. Pisarenko, V.A. Agarev, O.L.Kvitka,
V.G. Popkov and E.S. Umansky wrote several textbooks, including a full course for
mechanical specialties, first published in 1963 under the title “Strength of
Materials”. This textbook was reprinted in 1967, 1973, 1979, 1986, 1993 and 2004.

An important stage in the development of the school of mechanics of the
KPI was the opening of specialty "Dynamics and strength of machines" at the
strength of materials department in 1970. The necessity to introduce such a
specialty was caused by the needs of both the institutes of the Academy of
Sciences of the Ukrainian SSR (such as Institute for Problems of Strength,
Institute of Mechanics, Institute for Superhard Materials, Institute for Problems
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in Materials Science, Electric Welding Institute), and large machinebuilding,
aircraftbuilding and shipbuilding enterprises of Ukraine.

The most famous scientists in this field are academicians: O.M. Dynnyk,
S.P. Timoshenko, F.P. Belyankin, M.M. Davidenkov, V.V. Kharchenko,
A.D. Kovalenko, M.V. Kornoukhov, A.O. Lebedev, V.V. Matveyev,
M.V. Novikov, Ye.O. Paton, S.V. Serensen, K.K. Syminsky, G.I. Sukhomel,
V.T. Troshchenko, corresponding members: B.M. Gorbunov, I.Ya. Shtaierman,
V.A. Strizhalo, A.Ya. Krasovsky, M.1. Bobyr.

In 1989 Doctor of Technical Sciences, professor Ye.O. Antypov was elected
the head of the department of dynamics and strength of machines and strength
of materials.

Today, the graduating department of dynamics and strength of machines and
strength of materials has become the leading department in terms of strength and
reliability of machines and structures. It provides at the same time teaching of the
general engineering course of strength of materials to students of many faculties
and institutes of KPI. Nowadays it is headed by Professor S.O. Pyskunov.

Yevgenii Oscarovych Oleksandr Georgii Yosypovych Illia Yakovych
Paton Mykolaiovych Sukhomel Shtaierman

(1870 -1953) Dynnyk (1876 -1950) (1888 - 1966) (1891-1962)

) 0
2 ©

Borys Mykolaiovych Mykola Vasyliovych Georgii Stepanovych Anatolii Oleksiiovych
Gorbunov Kornoukhov Pisarenko Lebediev
(1901-1944) (1903 -1958) (1910 -2001) (1931—2012)

A significant role in the development of structural mechanics and theory of
structures was played by G.S. Pisarenko, who headed the Strength of Materials
Department of KPI for many years. He was the founder and first director of the
Institute for Problems of Strength of the Academy of Sciences of Ukraine (now
G.S. Pisarenko Institute for Problems of Strength of the National Academy of
Sciences of Ukraine). From 1989 to 2011, the Institute was headed by
Academician of NAS of Ukraine V.T. Troshchenko, and from 2011 to the
present - Academician of NAS of Ukraine V.V. Kharchenko
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In October 2016, the institute celebrated its 50th anniversary and during that
time it became a recognizable scientific center for fundamental and applied
research on the strength of materials and structural elements under extreme
thermomechanical loading. The main activities of the institute are: ultimate state
and strength criteria of materials and structures; computational and experimental
methods for studying the stress-strain state; fracture mechanics and survivability
of structures with cracks; vibration of non-conservative mechanical systems.

Well-known scientific schools have been founded and are successfully
developing:

- strength of materials and structural elements under extreme conditions of
thermomechanical loading (Academician of NASU G.S. Pisarenko);

- criteria of strength and patterns of deformation and fracture of materials
and structures in a complex stress-strain state (Academician of NASU
A.O. Lebediev);

- material fatigue and fracture criteria and statistical theories of the strength
of materials under cyclic loading (Academician of NASU V.T. Troshchenko)

- Theory of vibration of non-conservative mechanical systems (Academician
of NASU V.V. Matveiev).

4. PATHS OF DEVELOPMENT

The intensive development of the Kyiv School of the Theory of Structures
took place mainly in the following research centers: Kyiv Polytechnic Institute,
Institute of Structural Mechanics, Institute for Problems of Strength, and Kyiv
Civil Engineering Institute (KCEI). The studies dealt with a wide range of
issues, both general theoretical and applied ones.

4.1. Planar and spatial bar systems

The main objects of study in the first third of the twentieth century were
truss and frame models of structures. The method of their analysis was perfected
by solving a number of specific problems, not least the bridges, whose
restoration problems in the 20s were dealt with by Ye.O. Paton.

The Kyiv School of the Theory of
Structures paid much attention to the
computation of strength of spatial bar
systems. This important area of research
began with the works of V.L. Kirpichov
[252] and K.K. Syminsky [438], and was
brilliantly continued in a series of studies
by B.M. Gorbunov and O.A. Umansky

Mykolniovych  Asarmovyeh [144, 145, 151, 160, 161, 469, 470, 479],
Gorbunov Umansky the first of which were published when
(1901-1944) (1900-1973)

the authors were still students.

They graduated from the Kyiv Polytechnic Institute in 1925, graduation
projects were carried out under the guidance of Ye.O. Paton.

Until 1930, both were engaged in the design of bridges of various types and
carried out research work at the Institute of Structural Mechanics. At the same
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time, they taught at the Kyiv Polytechnic Institute and at the Kyiv Civil
Engineering Institute of (KCEI), which was separated from the KPI in 1930.

Here O.A. Umansky headed the Department of Structural Mechanics created
by him (1930-1933), and B.M. Gorbunov was a professor at the Department of
Metal Structures (1930-1941).

In the monograph [161] published in 1932, new methods and ideas were
introduced into the structural mechanics of bar systems (the “image method” of
B. Mayor, the “method of the motors” of R.v. Mises, the method of traces, etc.),
thoroughly revised and supplemented by the authors.

Whereas a plane system of forces can always be reduced to one force or to
one pair of forces, in the spatial case, the system of forces is brought to a motor,
which is two crossing vectors, namely force and moment (fig.3). The
fundamental importance of the operation of scalar multiplication of motors
(screws), which unites all operations of vectoral algebra, essential for the
structural mechanics, was clarified.

In addition, the approach of von Mises,
based on the consideration of the displacements
of the nodes of the pin-jointed trsuss system,
was supplemented by the consideration of the
displacements of the bars or disks, which made
it possible to consider the bar systems of the
frame type. The appearance of this book
transferred the analysis of spatial trusses to a
new, higher level. Its ideas also had a
noticeable influence on the development of
descriptive geometry. B.M. Gorbunov used this Fig. 3. Example of a motor
apparatus not only for spatial trusses but also
for constructing theory of spatial frames analysis using the displacement method
[156].

In [479] O.A.Umansky and B.M. Gorbunov showed that the virial of
external forces (the sum of the moments of these forces, rotated 90 degrees,
about an arbitrary point) is equal to the sum of the products of the forces in the
bars and their lengths. Later, the concept of virial was used to determine the
theoretical weight of trusses.

In a work published by O.A. Umansky in 1932 [476] the method of initial
parameters was substantially developed and, apparently, for the first time,
concentrated dislocation effects such as a fracture of the beam axis and local
shear were taken into account. In those same years, he published a number of
studies on the analysis of the work and the method of computing beams on
elastic supports [475, 476, 479]. These studies later served as the basis for his
monograph “Floating Bridges” [471] and was included in his two-volume
“Special Course of Structural Mechanics” [474].

0.A. Umansky continued his studies of the kinematic properties of spatial
frame structures [477] and established a theorem on the identity of the
equilibrium conditions of a rigid body and the closure conditions of a spatial bar
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contour. He also proved that the computation of any bar system by the force
method coincides with the calculation of some (mutual) system by the
displacement method. He also developed the method of initial parameters as
applied to structures with bars of varying cross section [478].

Studies related to the analysis of the work and the method of computation of
the spatial bar systems were continued by D.V. Vainberg and V.G. Chudnovsky
[485, 486, 498], who, among other things, considered the peculiarities of the
behavior of cyclically symmetric frames in the calculation of strength [485, 486,
496, 498].

The use of cyclic symmetry in order to simplify calculations was continued
in the later works of
V.G. Chudnovsky [61, 64, 65].

Here, as in previous works, the
basis of the approach was an
implicit decomposition into a finite
trigonometric series.

A detailed analysis of the work of
spatial systems with any type of point
symmetry based on the theory of

David Veniaminovich  Volf Grygorovych group representation was
Vainberg Chudnovsky subsequently performed by
(1905-1973) (1908-?)

M.L. Buryshkin and V.M. Gordeiev
and presented in the monograph [55].

The calculation of spatial trusses was often reduced to decomposition into flat
faces. Difficulties in using such a technique arose in the calculation of torsion.
Studies in this direction were carried out by M.D. Shmulsky [403] and
A.M. Vasilenko [513].

Another series of works was devoted to the
analysis of structures composed of thin-walled
bars. As a rule, thin-walled bars do not work
alone, but as part of flat or spatial systems. In
this regard, there were works where an attempt
was made to solve the corresponding problems.
The main problem here was the issue of
compatibility of deformations in the joints of
thin-walled elements. This question is easily
solved only for a continuous thin-walled bar, in
: which the deplanations of the end cross sections
Fig. 4. Cyclically symmetric frame of the joined elements on the intermediate

of a cooling tower support coincide.
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Apparently, the first who tried to solve the problem of
calculating a frame composed of thin-walled bars was
B.M. Gorbunov, who proposed a method for calculating
plane frames [148] under spatial loading directed
perpendicular to the plane (Fig. 5(a)). Here, as in the
subsequent works of B.M. Gorbunov with O.I. Strelbitska
[152, 157, 158, 159] the issues of calculating thin-walled
wagon frames were covered. The hypothesis of absolute
stiffness of the joint gusset in its plane (Fig. 5(b)) was :
used, which ensured the equality of the end cross-sections ~ Oleksandra Ivanivna

. . 1bitsk
deplanations of all the bars converging at the node. (18%3513?9538)

(b)

Fig. 5. Frame of thin-walled profiles: (a) - scheme, (b) - node deformation

Many attempts have been made to build a sufficiently universal algorithm
for calculating arbitrary thin-walled bar systems, and here the main problem was
the formulation of boundary conditions at the ends of the thin-walled bar. In
some works, it was assumed that at the end of the bar the deplanation is either
completely absent or does not encounter any obstacles. One of the first works of
this direction was the article [427]. Spatial (in particular, cyclically symmetric)
systems of thin-walled bars were considered in this work under the assumption
that the bar nodes are either infinitely rigid, and the deplanation of the end
sections of all the bars converging at the node is zero, or the design of the node
is such that deplanation is not restricted.

In other studies, the hypothesis of equal deplanations at the ends of all thin-
walled bars converging at a node was used. In the general case, the failure of the
hypothesis about the equality of the deplanations of all end sections adjacent to the
node was demonstrated in [351]. It was demonstrated using simple examples that
the deplanations of the end sections of all elements converging in a node do not
coincide, and their values depend on the structure of the node, the deformation of
which has a noticeable effect on the behavior of the structure.

Much attention was paid to various kinds of improvements in classical
methods of structural mechanics. An example here is the work of
M.V. Kornoukhov [272], where the displacement method was generalized
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taking into account shifts in wide bars (Timoshenko bars). Other improvements
to the classical displacement method have been proposed [166, 346].

The issues of developing effective methods and algorithms for solving
problems of structural mechanics were considered. Before the computer era the
problems of this kind, aimed at reducing the volume and increased convenience
of calculations, were at the center of attention of specialists in structural
mechanics. So, in the works of M.V. Kornoukhov [274] and O.A. Umansky
[473] the problem of solving systems of three-term equations related to
problems of structural mechanics was analyzed in detail. Starting from the
research of [.Ya. Shtaierman [408], various schemes for an iterative method for
solving problems were considered as an option for simplifying calculations. A
series of works of this kind was later published by P.M. Sosis [423, 424, 426].
Later, the problem of choosing computational algorithms became acute in
relation to nonlinear problems of structural mechanics, where both iterative and
step methods were used [129, 257, 326].

4.2. Stability and dynamics of structures

The scientific tradition of stability analysis, established by S.P. Timoshenko,
found its successors in the walls of the same Polytechnic Institute in the person of
I.Ya. Shtaierman and O.M. Dynnyk. At the
beginning of their research, they dealt with the
stability analysis of a single bar (straight or
curved) [411]. A typical example is the
stability of the arches.

A large amount of research here is made
by O.M. Dynnyk, who published the results
of his work performed in the 1930s and

Oleksandr llia 1940s, in a monograph [88]. He calculated
Mykolaiovyc Yakovych . . . .

h Dynnyk Shtaierman arches of circular, parabolic, sinusoidal and
(1876 -1950)  (1891-1962) chain shape under various loadings. He also

considered loss of stability of a circular ring and an arch beyond the elastic
limit.

In particular, O.M. Dynnyk drew attention to one significant circumstance
that escaped Timoshenko’s attention, who was investigating the behavior of a
shallow sinusoidal arch under the vertical load. The fact is that in a certain range
of parameters of a shallow arch, the loss of stability of its equilibrium occurs not
after reaching the limit point on the equilibrium state curve, but somewhat
earlier by the bifurcation criterion.

The out-of-plane loss of stability of the arches was studied by
I.Ya. Shtaierman [410]. He also began to study the stability of pipes and shells
[405]. But all these works dealt with problems of a “local type” where important,
but still isolated elements of a complex constructive system were considered.
Methods for testing the stability of such systems began to be studied later.

A brilliant cycle of works devoted to the stability of bar systems was
performed by M.V. Kornoukhov and his team [268, 269, 277, 278]. It should be
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noted that the formulation of similar problems was stimulated by the demands
of practice, in particular, by the research of the high-rise construction of the
Palace of Soviets of the USSR, which was designed in the prewar years (Fig. 6).

The idea of applying the method of displacements
to the problem of the stability of bar systems was
proposed by M.V. Kornoukhov in 1937 [276]. Its
meaning was that the coefficients of the canonical
equations of the displacement method were calculated
using formulas that reflected the dependence of the
reactions on the value of the longitudinal force in the
bar under consideration. This approach became
subsequently generally accepted and is used today.

M.V. Kornoukhov actively promoted the
method of calculating "stable strength", which
consisted, in fact, in the calculation of the system
according to the deformed scheme [269, 275], but
it was not widely adopted. In the modern
formulation, the computation according to the
deformed scheme, like the “P-A method”, began to
be advanced in the Eurocode.

Kornoukhov’s works were comprehensively
presented in his monograph [276] (it was awarded
the State Prize of the USSR in 1950), where, in addition to description of the
stability analysis method, a number of general principles of the theory of
stability was pointed out. It was indicated how to replace one load with another,
equivalent to the first, what simplifications of the design scheme are
permissible, how to compare the safety factor at combined loading with those at
separate components of the loading. One of the results arising from qualitative
analysis is the fact that a “culprit” in the loss of stability of the entire structure is
often one element or a small group of elements. In this
connection, M.V. Kornoukhov introduced the concept of
states of stability. But only 50 years later in the work of
A.V. Perelmuter and V.I. Slivker [350] the criterion for
determining the type of bifurcation (constrained or forced)
of the bar or any part of the structure and the method for
calculation based on the energy approach were presented.

In [270] M.V. Kornoukhov studied the mechanism for
the loss of stability of the two-bar truss (von Mises truss) )
in detail, and pointed out the possibility of loss of stability Mykﬁgr}gisky}llloovvydl
without passing through the bifurcation point. (1903 -1958)

The complex of important practical problems of
structural stability is presented in the monograph by I.Ya. Shtaierman and
A.A. Pikovsky [413], intended more for practicing engineers than for
researchers. The authors analyze in detail the ideology of calculating systems
with compressed elements, paying particular attention to the limiting value of

Fig. 6. The skeleton of the
Palace of Soviets (draft)
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the carrying capacity of such elements. Here, by the way, it was proposed to
divide the total safety factor into two parts: “load dependent” and “structure
dependent”, i.e. ideas that later formed the basis of the method of limit state
design.

Peculiar problems were solved when calculating the stability of thin-walled
bars. Here one can point to theoretical and experimental studies of M.1. Dlugach
[89, 91] and L.N. Stavraki [427, 428, 429], the latter also investigated the
stability of frames made of thin-walled profiles [429]. He obtained the value of
the torsional stiffness coefficient of a compressed thin-walled bar and used it to
construct a method for calculating the spatial framework of such bars. In this
case, the stability of cyclic frameworks and dome like structure consisting of
hinged bars was investigated. The latter problem was studied in detail in the
work of P.S. Polyakov [366]. A detailed analysis of possible buckling modes of
single-tier spatial frames was carried out by L.N. Padun-Lukyanova [314].
Multiple buckling modes of cyclically symmetric frames were investigated by
M.Ya. Borodiansky [52].

Studies on the theory of stability have always been the focus of the Kyiv
school of the theory of structures. They concerned both the fundamental
questions of the theory and specific classes of structures.

In particular, in the works of O.M. Guz and his students (see, for example,
[227, 228, 230]) stability problems of bars, plates, and shells were considered in
a three-dimensional formulation. It was proved that stability theories based on
the Kirchhoff-Love hypothesis and assumption of sectional rigidity are
asymptotically exact.

The three-volume monograph [347, 349] is devoted to the presentation of
stability theory based on the general equations of mechanics of a deformable
solid, when the transition to applied theories that use hypotheses of a static or
kinematic nature is realized by an accurate formal transformation of the
corresponding general equations. At the same time, effects were discovered that
were skipped by the usual approach based on some obvious static-geometric
representations.

Among the stability problems that consider specific types of structures, one
can point to I.Ya. Amiro and V.O. Zarutsky cycle of works devoted to the
stability of ribbed cylindrical shells
[2,4,503]. Nowadays the works of
G.D. Gavrilenko [126, 127] can be
considered as the continuation of these
studies. The studies of the stability
problems of systems with unilateral
constraints [18] as well as frame systems

1 with elements of varying cross-section are
Igor Yakovych Volodymyr also worth mentioning here.
(19?{]-11“9098) Oleléir:l?;]?;ych The use of the approach, that was

(1932 -2011) based on the dynamic stability criterion,
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was proposed in the works of V.G. Chudnovsky [60]. Nevertheless, this
approach turned out to be more in demand when considering the dynamic
problems of systems with compressed bars.

Dynamic problems were considered by S.P. Timoshenko in connection with
studies of bridge vibrations [450]. Experimental studies of bridge dynamics
were carried out by the Kyiv Bridge Testing Station, which was organized by
Ye.O. Paton in 1920.

The application of the displacements method to the dynamicproblems was
proposed by M.V. Kornoukhov [273] and V.G. Chudnovsky. The latter focused
on the analysis of vibrations of compressed systems. His studies on this problem
were presented in detail in the monograph [62]. In addition, V.G. Chudnovsky
noted that the well-known Bubnov problem of the critical stiffness of an
intermediate elastic support, which translates its work into a class of absolutely
rigid, is also generalized to the oscillation frequencies [59]. Vibrations of
circular arches were considered by D.V. Vainberg [483, 495]. S.V. Serensen
dedicated his work [391] to the dymaic analysis of multi-storey frames.

The dynamics of bars and bar systems has been the subject of research by
G.S. Pisarenko, whose fundamental research concerned the theory of vibrations of
elastic systems accounting energy dissipation in the material [355, 357] (awarded
the M.M. Krylov Prize of the Academy of Sciences of the Ukrainian SSR).

His further work is related to the study of the strength of materials and
structural elements in extreme conditions. The same subject
became the main one in the Institute for Problems of &«@)‘
Strength of the Academy of Sciences of the Ukrainian SSR
created on the initiative of G.S. Pisarenko. He headed this
Institute for over twenty years.

The problem of the dynamic action of a shock load has
been the subject of many studies, beginning with the ‘ X
solution of S.P. Timoshenko, based on the accunting of g

7

local shock deformations in accordance with the approach s Georgii N
of Hertz. Yu.V. Blagoveshchensky and D.V. Vainberg ﬁgﬁ?ﬁggg
suggested using the series method to solve the basic (1910 -2001)

equation of S.P. Timoshenko [51]. In the monograph by

M.O. Kilchevsky [246] the dependencies obtained by I.Ya. Shtaierman were
used instead of Hertz’s relations. These dependencies related to cases of tighter
touch of bodies. In addition, M.O. Kilchevsky considered the process of not
only elastic, but also elastoplastic deformation of the contact zone [243].

4.3. Elastic plates and shells

The further development of fundamental works in the field of analysis of the
structures behavior was mainly connected with the development of the theory
and methods for calculating plates and shells. The beginning of such research
was laid by the works of 1.Ya. Shtaierman performed at the Kyiv Polytechnic
Institute. As early as 1924, he considered an axisymmetric problem in the theory
of calculating a spherical shell [409]; he was the first to suggest a method of
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asymptotic integration of the equations for a shell of revolution [407]. The
practically important problem of calculating a cylindrical tank with a wall of
variable thickness [406] was also solved, and a simple to use method of analogy
between the dome and the arch on an elastic foundation [404] was developed.

One of the first works carried out at the Institute of Structural Mechanics of
the Academy of Sciences of the Ukrainian SSR and devoted to the calculation of
shells was the study of A.L. Goldenveizer [134] carried out in 1935. This
famous scientist continued his work later in Moscow.

The approach V.G. Chudnovsky, presented in [58], was based on the
synthesis of structural mechanics methods for bar systems and the theory of
elasticity. It treated the ribs as a frame lying on an elastic foundation created by
the shell itself. Later this method was transferred to the calculation of the
ribbed domes according to the moment theory [65].

In a series of works of M.O. Kilchevsky [244, 245, 248] a generalized
method of reducing the three-dimensional problem of the theory of elasticity to
a two-dimensional one was proposed and developed. A number of variants of
the theory of shells were proposed, in relation to which the ordinary theory can
be considered as a particular case. The formulation of boundary value problems
of the theory of shells in the form of integral and integro-differential equations
was given and various ways of composing these equations are developed as
well. In particular, for the first time it was proposed to use the potential method

for solving problems of shell statics [242], which was later

A developed in the works of D.V. Vainberg and
| .
. .3 O.L. Sinyavsky [489, 490]. .
;.\',‘ \ . A number of studies by D.V. Vainberg [482, 484, 491,
e

| 493, 494] was devoted to the plate calculation. In the

) / monograph [484], awarded the Academician Galerkin
/ Prize, the plane problem and the problem of plate bending

o are considered as one generalized boundary problem of

Mykola the theory of analytic functions. This made it possible to
OleKkilsg}‘l‘gi‘s’gCh obtain a number of new results for plates consisting of
(1909 - 1979) concentric rings, as well as for the strip problem.

The theory of calculating circular plates of constant and
variable thickness was developed by A.D.Kovalenko, Ya.M. Grigorenko and
their students, who obtained exact solutions to a number of problems on the
stressed state of circular plates and shells of rotation of variable thickness [196,
200, 280, 281, 282].

The method of calculating plates and shells with discontinuous parameters
(ribs, step change in thickness, kinks, etc.), based on the use of impulse
functions, was proposed by D.V. Vainberg and 1.Z. Roitfarb [487].

The probability of the shells loss of stability were the subject of research in a
series of works performed by M.V. Goncharenko at the Taras Shevchenko Kyiv
State University [136, 137, 138, 139, 140].
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The solution of a large number of problems on the
calculation of plates of various shapes and with various
boundary conditions was obtained by the grid method, the
development of which was carried out in the works of
P.M. Varvak and his followers [506, 507, 508, 510, 511].

But the particularly rapid development of research on
the calculation of plates and shells began when computers
became a research tool, since the transition to computer

analysis required a number of improvements in the theory Petm\]/\:fv“;]fvych
related to formalization and algorithmization, and also (1907 - 1979)

revealed new possibilities in formulating solved problems
(see below).

4.4. Inelastic behavior of structures

At the Institute of Structural Mechanics, beginning in the 1930s, new
scientific directions for that time began to develop - an analysis of the behavior
of structures beyond the elastic limit and the assessment of their ultimate
bearing capacity. This analysis was based on a number of experimental and
theoretical studies carried out under the guidance of M.D. Zhudin [530, 532,
533]. A distinctive feature of this cycle of work was its focus on the study of the
work of specific constructive forms. For example, the behavior of continuous
steel beams beyond the elastic limit under the action of repeated and moving
loads was studied [531, 535]. The continuation of these works was an analysis
of the behavior of the trussed beams, made by V.V. Trofimovych [459, 460] and
the research of L.P. Kunitsky [288] on the assessment of
the influence of shear force on the reduction of the
maximum load acting on the statically determinate and
statically indeterminate beams. Experimental work [534],
adjacent to the same cycle, was aimed at assessing the
bearing capacity of columns of the high-rise structure of
the Palace of Soviets of the USSR, which was designed in
the pre-war years.

The oblique (biaxial) bending of rectangular beams
beyond the elastic limit for the case of perfectly plastic

. . Mykola
material was considered by B.M. Gorbunov and Dmy){mvych

V.G. Chudnovsky [155], and somewhat later by Zhudin

O.I. Strelbitska. She also investigated the limiting state of (1891 - 1568)

a thin-walled profile under constrained torsion, including the dependence
between torque and bimoment [431].

The study of the behavior of elastoplastic structures under alternating
loading revealed the need for an analysis of adaptability. The works [287, 291]
were devoted to this problem.

The work begun by M.D. Zhudin was continued by O.I. Strelbitska, who
studied the inelastic behavior and the limiting state of thin-walled bars and
plates [430, 433, 434]. Thus, the previously initiated studies of frames made of
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thin-walled bars were continued, but already concerned their behavior beyond
the elastic limit. In this case, the main attention was paid to the development of
models for the limiting equilibrium of thin-walled bars and their experimental
testing. In particular, the ultimate load for a complex stress state (bending,
complicated by torsion, etc.) was investigated. Adjacent to the same problems
are the studies of S.A. Palchevsky [315, 316].

These studies, like the works of M.D. Zhudin, were focused on identifying
the limits of the bearing capacity of steel structures for which the assessment of
the reserve of strength and stability is very important [533]. An approximate
method of calculation based on the use of an idealized Prandtl diagram and the
hypothesis of the instantaneous appearance of plastic hinges has proven useful
here. The validity of this approach was confirmed by a number of experimental
studies performed by Ye.O. Paton and B.M. Gorbunov [321], B.M. Gorbunov
[154], M.D. Zhudin [532].

But later a similar problem arose acutely in relation to structures made of
reinforced concrete. Such studies were carried out in the Research Institute of
Building Structures of the State Building Committee of the USSR (Naukovo-
doslidny instytut budivel[ Inykh konstruktsiy, NDIBK) by A.M. Dubinsky [102]
as applied to the limit equilibrium of flexural plates, and successfully continued
in a series of works by A.S. Dekhtyar and O.O. Rasskazov [73, 371] as applied
to the assessment of the carrying capacity of shells.

But for the calculation of concrete and reinforced concrete structures the most
significant is the consideration of the possible formation of cracks and the
assessment of the role of creep. Here, the fundamentally important results belong
to LI Ulytsky, who in a series of experimental studies, analysed a number of
features of the creep process (the influence of environmental humidity, the role of

thinness, etc.), which made it possible to

justify proposals for dvelopment a creep
/ - measure [466, 467, 468].

vg}-itzf Accounting for the effects of shrinkage

-5 . ple f

and creep on redistribution of forces in

statically indeterminate systems has been

r
N the subject of research by Ya.D. Livshyts
' [296] and many scientists (see, for

example, [7, 104, 135,285]).  Correct

Yosyp Yakiv : :
Toakhymovych Davvdovych accounting .for the fqrmatlon .of cracks was
Ulytsky Livshyts performed in numerical studies [298, 380,
(1912-1965) (1907 - 1984) 529]. A detailed analysis of the

elastoplastic ~ behavior of reinforced
concrete structures has become the topic of recent work [117].

5. THE ERA OF NUMERICAL ANALYSIS

The problem of solving complex design problems has always been a "sore
spot" of the theory of structures. Among the attempts to solve it, one can name
the replacement of the solution of the corresponding resolving equations by a



ISSN 2410-2547 29
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2020. Ne 104

model experiment. Here, first of all, one should mention the polarization-optical
method for studying stresses (the method of photoelasticity) - an experimental
method for studying the stress-strain state on transparent models of optically
sensitive materials. At the Taras Shevchenko Kyiv State University such
researches conducted V.I. Savchenko and his students [387, 388, 389], whereas
in NDIBK they were performed by B.M. Barishpolsky [9, 497]. In the early 60s
of the twentieth century, an energetic attempt was made to solve the
aforementioned problem through the use of electrical modeling systems EMSS,
developed under the direction of G.Ye. Pukhov [367, 368].

However, in mass practice, such approaches have not been rooted; they have
been driven out by rapidly developing numerical methods, which were based on
the use of an electronic computer.

5.1. Computer technology and numerical methods

The transition to machine-based problem solving technology was preceded
by a relatively short period when the main computational tool for engineering
calculations was desktop electric arithmometers of the Rheinmetall type
serviced by the operators of computing stations. To work with such computing
stations, a special technology and language of communication was created,
allowing formalizing the sequence of computational procedures to which the
problem solving algorithm came down. Here, the initiator was P.M. Sosis [421].

Already in the first steps it was found out that it was necessary to
algorithmize some stages of calculation. In particular, there was a problem of a
formalization of description of a complex flat or spatial system, its topology,
reflected structure composition, and the basic operations of static computation
of discrete systems.

For a hinged trussed framework with an arbitrary
topology A.V. Perelmuter suggested, apparently, for the
first time to use the “node-bar” incidence matrix [334],
and it turned out that the difference and summing P> e
operators of L.G. Dmitriev [100] were realized. :

And it is quite clear that the finite difference method
has become the natural way to solve the problems of
calculating plates, shells and systems made up of them. /
A complication in its use was the need to move from Petro Moiseiovych
the central differences to the "left" or right "differences i
when formulating the boundary conditions. One of the
means of circumventing this complexity was the creation of bar models for
which the equilibrium equations were equivalent to finite difference equations
[99, 95, 305]. The authors of these papers justified the discrete model by the
coincidence of its equilibrium equations with finite-difference representations of
differential equations of a continuous medium.

So, for the biharmonic equation of the plane problem written through the
Erie function ¢(x,y), when using the grid showed in fig. 7(a), a typical difference
equation is as follows:

Sosis
(1918-1967)
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20900 — 8(P101 1,07 P01 Po. 1) + 2(Q1,1FH Q11T Q1 ATO 1) T Pt
TP2,0TPo 2+ 2= 0.

This equation can be interpreted as the canonical equation of the force
method, written for a statically indeterminate truss, in which two variants of the
structure are presented in Fig. 7, and sections of elements are selected in a
special way. The advantage of such a simulation was that the models did not

require the use of fringe points.

NNNN

(2) (b

Fig. 7. Simulation of a finite-difference equation with a bar lattice

In the works of the team of the Problematic Research Laboratory of Thin-Walled
Spatial Structures (Problemna Naukovo-Doslidna Laboratoriya Tonkostinnykh
Prostorovykh Konstruktsiy, PNDL TPK) of Kyiv Civil Engineering Institute
(KCEI), conducted under the direction of V.I. Guliaev, the finite-difference method
was successfully used to study shells of a non-canonical shape. For example, studies
of the spiral shell with a variable radius of curvature shown in Fig. 8 were conducted
[207], as well as shells with rapidly changing geometric parameters, shells of
variable thickness, etc. [210, 212].

(@) (b)
Fig. 8. The spiral chamber of a hydraulic turbine:
(a) - general view, (b) — computational structural model
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A radical tool turned out to be the transition to a variational formulation of
the difference method, proposed for the first time in the studies of the team of
the PNDL TPK of KCEI [501]. The usual way to obtain grid equations is to
apply the finite difference method to differential equations and to boundary
conditions. However, such a path in some cases (corners, contact conditions,
mixed boundary conditions) leads to the fact that the matrix of systems of
equations does not always turn out to be symmetric, which is inconsistent with
the principle of reciprocity and complicates the problem computationally.

If a variational method of deriving grid equations is used, based on replacing
the expression for the total potential energy of a system with a certain algebraic
form according to certain rules of numerical differentiation and integration, the
resolving function turns into a collection of its discrete values at the nodes of the
region, and the functional reduces to a quadratic form of this values.

The grid equations are obtained from the expressions for the components of
the gradient of the elastic potential at each grid point, while the symmetry of the
coefficient matrix is guaranteed.

Many practically important problems were solved using the finite difference
method in a variational formulation, (see, for example, [84, 93, 94, 502]).

With the active participation of O.A. Kyrychuk, studies were conducted
aimed at ensuring the reliability of a fuel tank with a protective capacity at the
Ukrainian Antarctic station Academician Vernadsky [289, 290]. Obtained
results made it possible to formulate the basic requirements for the further safe
operation of the tank in extreme Antarctic
conditions.

In the 70-80s of 20th century in Kyiv a
variant of the finite difference method was
developed under the guidance of Professor
Ye.O. Gotsuliak. It was the so-called
curvilinear grid method, in which the
problem of accounting rigid displacements

was solved [195]. The method was Oleksandr Yevgen'i‘
effectively used to solve nonlinear problems Adrianovych Oleksandrovych

. - Kyrychuk Gotsuliak
of deformation and stability of complex (1948 2018) (1942-2011)
shells [194].

5.2. Finite element method

But the true revolution in the problem of numerical calculations came with
the introduction of the finite element method (FEM). This method was used and
developed by many scientific teams of Kyiv (KCEI, Institute of Mechanics of
the Academy of Sciences of the Ukrainian SSR, UkrRDIsteelconstruction, Kyiv
Zonal Researche Innstitute for Experimental Design (Kyivsky zonalny naukovo-
doslidny instytut eksperymentalnoho proektuvannya, KyivZNDIEP), etc.).

In the PNDL TPK of KCEI O.S. Sakharov developed the moment scheme of
the method (MSFE), which formed the basis of a system of software for a
computer, and was actively used to solve a wide variety of problems including
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plates, shells and three-dimensional bodies computation [38, 384]. This scheme
was actively developed and adapted to solving problems of statics and dynamics
of systems of various types, including non-linear problems [38, 39, 261, 379].

One of the advantages of the MSFE is the zero response to the rigid
displacement of the element. Some of the other variants of the finite element
method did not always correctly take into account the problem of rigid
displacement when calculating shells. In addition, for many of them, another
negative property of the stiffness matrix, called “shear locking,” was observed,
when bending thin plates and shells modeled with three-dimensional elements.
In this case, errors associated with the manifestation of fictitious shear
deformations significantly increase.

In particular, these problems become significant when curvilinear coordinate
systems are used, which are introduced in order to better describe the geometry
of bodies of complex shape. Then the components of the deformations depend
not only on the derived displacements, but also on the displacements and turns
of the element as a whole.

In order to eliminate these deficiencies of the MSFE, techniques [261, 377,
379, 385] were developed, allowing to take into account the basic properties of
rigid displacements for isoparametric and curvilinear finite elements. Their
essence lies in the fact that when recording the conditions for the connection of
deformations with displacements, those expansion terms of deformations are
rejected in a series that react to rigid displacements and to fictitious shear
deformations. In this case, the exact equations of the connection of deformations
and displacements are replaced by approximate ones.

The moment scheme was used mainly in the work of the PNDL TPK of
KCEI for solving problems, the design scheme of which was represented by
three-dimensional finite elements. At the same time, in the works of
V.M. Kyslooky and V.K. Tsykhanovsky the nonlinear deformation of cable-
stayed systems, as well as soft and hanging shells was investigated using the
moment scheme (Fig. 9) [43, 258, 263].

In the works of
V.V. Kyrychevsky, this
approach was used to solve
problems related to nonlinear
deformation and fracture of
structures made of
elastomers [249, 250].

Other teams preferred to

]\}Ifoll(odymy; « Valentyn v l\éiktor use the classical FEM
%yzltggkyyc ostiartynovye - Volodymyrovy scheme, where the library of
(1940-2017) Tsykhanovsky Kyrychevsky finite elements contained

(10379017 (1945 — 2004) . .
one-dimensional (bar), two-

dimensional (plates and shells) and three-dimensional elements (see, for
example, [187, 188, 190, 306]).
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Fig. 9. The results of the calculation of the air-supported soft shell with cables [43]:
(a) — deformed discrete model of the middle surface, (b) — countors of principal stress

The finite element method in various modifications was used as the basis for
the development of software systems and application packages that were
developed at KCEI (the STRENGTH-85 system), KyivZNDIEP (GAMMA-2),
UkrNDIproekt, Giprokhimmash, Research Institute for Automation Systems in
Construction (Naukovo-doslidny instytut avtomatyzovanykh system u
budivnytstvi, NDIASB) (programs of  the LIRA family),
UkrRDIsteelconstruction (PARADOX, PARSEK, SUDM), Research and
Production LLC SCAD Soft (SCAD Office) and in other Kyiv organizations. In
the 60s of the twentieth century, Kyiv became the de facto “capital of the FEM”
of the Soviet Union, it remains the main center of development of this type even
today, when the SCAD and LIRA software systems are the main tool for
designers in the CIS countries.

The development of the finite element method took place in different
directions: the library of finite elements was expanded, including at the expense
of incompatible elements, for which convergence was proved [110, 187, 240],
elements of multilayer plates and shells [360], and others. An attempt was made
to create a finite element system [181, 182] that has a number of attractive
features (the interpolating function realizes the minimum potential energy of the
element deformations, all the major minors of the stiffness matrix and all its
eigenvalues have a minimum value, etc.). A finite element model was
implemented based on the moment theory of elasticity (Cosserat's body), which,
according to the authors, made it possible to better represent the behavior of the
structure in stress concentration zones [310].

The original scheme of the finite element method was proposed by
Ye.O. Gotsuliak. The peculiarity of this scheme was the vector representation of
the displacement function in the general curvilinear coordinate system. When
constructing the stiffness matrix of a curvilinear finite element, the vector
approximation of the displacement function was represented by Maclaurin’s
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series, whose coefficients were the values of the desired vector function and its
derivatives in the center of the finite element. The proposed approach was later
extended to geometrically nonlinear problems of deformation and stability of
thin shells with shape imperfections (Fig. 10) [300]. Figure 10(a) shows a finite
element model of a fuel tank with real shape imperfections, and figure 10(b)
shows a picture of a deformed state in the cross section of the shell
corresponding to the stationary point of the equilibrium curve.

Certain difficulties in justifying the FEM arose
for the case of using incompatible finite elements.
The shape functions for these elements do not
belong to the energy space and the standard method
of proving “convergence in energy” does not work
here. A rather general method for studying the
convergence of incompatible finite-clement systems,
as well as a method for constructing convergent
incompatible elements, was indicated only in 1981
by L.D. Yevzerov [108, 109].

Many developments do not use curvilinear
finite elements of shell theory instead of which
flat elements are used (the shell is modeled by a
polyhedron). The refusal to use curvilinear
elements, which gave a number of simplifications,
was justified by the evidence of their convergence
[111,112].

' A definite alternative to the finite element
® method is combined approaches to solving
Fig. 10 multidimensional problems, in which the
dimension of the original equations is reduced
analytically at the first stage, and numerical methods are used at the second
stage to solve the reduced equations. One of such combined methods is the
potential method used by D.V. Vainberg and O.L. Syniavsky [489] for shells
calculations, and in the works of Yu.V. Veriuzhsky [514, 515] for solving of a
fairly wide class of problems.

The investigations of G.B. Kovnerystov [283, 437] were devoted to the contact

problems, which were solved numerically by means of integral equations.

Oleksandr Leoni- Yurii Vasyliovych Pavlo Pavlovych Georgii Borysovych
dovych Syniavsky Veriuzhsky Voroshko Kovnerystov
(1937-2018) (1937-2017) (1940-2014) (1929 - 1992)



ISSN 2410-2547 35
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2020. Ne 104

To determine the stress-strain state of various structural elements, as well as
solving problems of fracture mechanics, P.P. Voroshko applied both the finite
element method [526] and the method of boundary integral equations [525].

In the works of V.K.Chybiryakov the method of finite integral
transformations was modified for the first stage, while different effective
numerical methods were used to solve the reduced equations at the second stage.
This method was widely used by the author and his students for solving static
and dynamic problems [56, 57].

Other methods for solving spatial problems were also developed [293, 294,
517].

Instead of the transition from the system of differential equations to
algebraic equations, which is characteristic of the finite element method, a
transition to a system of ordinary differential equations is possible. Close to this
idea is the method of lines (differential-difference method) — this is a very
effective method of reducing the dimension of the original boundary value
problems.

L.T. Shkeliov [401, 402] extended the method of lines to the stress-strain
analysis of plates of arbitrary shape.

It can be noted that a significant role in the development of methods for
calculating spatial structures of the shell type was played by problems connected
with the analisys of a number of original engineering objects that were developed
and put into practice by the team of researchers of the KyivZNDIEP Institute
(Fig. 11).

Fig. 11. Shell roofs: (a) - airport terminal in Boryspil, (b) - furniture house in Kyiv

5.3. Semi-analitical finite element method

Significantly increase the efficiency of the FEM allows its integration with
the method of separation of variables. This approach is called the semi-analytic
finite element method (SAFEM). Its essence consists in decomposition of the
unknown quantities along one coordinate in a certain system of continuous
smooth basis functions in combination with finite element discretization along
the other two.

For a long time, the Research Institute of Structural Mechanics of the Kyiv
National University of Construction and Architecture conducted research aimed
at expanding the scope of SAFEM to simulate the processes of deformation of



36 ISSN 2410-2547
Omip MatepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2020. Ne 104

spatial inhomogeneous bodies of complex shape for cases of static and dynamic
loading [21, 24], which required a number of important issues. Thus, the issues
of combining SAFEM with a moment scheme of finite element (MSFE) [222]
were considered which made it possible to create a unified approach to
modeling the deformation processes of massive, thin-walled and combined
structures. In contrast to the well-known approaches, where SAFEM was used
only for homogeneous rotation bodies or prismatic bodies with hinged boundary
conditions at the ends, the method is adapted for calculating non-uniform non-
canonical bodies: cyclically symmetric [219, 220, 381, 383] and prismatic
curvilinear bodies [222, 224]. In addition, modeling of arbitrary boundary
conditions at the ends of bodies is provided [223].

On the basis of the new types of created finite elements, the techniques for
physically and geometrically nonlinear problems analysis [21, 221, 222, 224] as
well as dynamic processes [23, 26, 29, 226] have been developed. Also the
techniques for modeling crack development from the point of view of fracture
mechanics [28, 225] were obtained.

Some examples of solved problems are illustrated in Figures 12, 13.
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Fig. 12. Nonaxisymmetric nonlinear deformation of the high-pressure valve

5.4. Numerical analysis of shells

The application of FEM has significantly expanded the class of researchable
problems. The subject of research was the non-classical problems of the theory
of plates and shells, where non-canonical-shaped structures, complex boundary
conditions, multilayer shells, etc. were considered. Great attention was paid to
shells with holes and cutouts, as well as shells with different types of
reinforcements [30, 33, 198, 259]. Tissue shells were also considered [167,
172]. A large complex of studies was associated with the analysiss of the
behavior of multilayer shells [19, 37, 372, 375].
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The stress-strain analysis of layered shallow shells, the material of which is
orthotropic, is described by a system of differential equations in partial
derivatives of the tenth order with variable coefficients and corresponding
boundary conditions. The solution of such a problem involves considerable
computational difficulties. Therefore, to solve it, a numerical-analytical
approach based on reducing the two-dimensional boundary-value problem to
systems of ordinary differential equations using the spline-approximation
method in one of the coordinate directions was proposed. The obtained one-
dimensional boundary-value problem was solved by a stable method of discrete
orthogonalization [204, 205, 524]. In this way, a large number of static and
dynamic problems were solved [196, 202, 203].
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Fig. 13. Dynamic interaction of parts, heterogeneous in the annular direction

A team of authors from the Kyiv Automobile and Highway Institute
(V.G. Piskunov, V.Ye. Veryzhenko, A.F. Ryabov and others) developed the
theory of multilayer plates and shells, which was based on the principle of
using kinematic hypotheses common to the entire multilayer package [357,
358, 359, 370, 519].

Modern trends in the development of structural mechanics and the practice
of designing thin-walled shell structures lead to the development of refined
numerical methods for the study of nonlinear deformation and stability of shells
of various types.

Under the guidance of Professor M.O. Solovei at the Kyiv National
University of Construction and Architecture numerous studies of nonlinear
deformation, stability and post-critical behavior of a wide class of thin elastic
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inhomogeneous shells of various shapes and structures
i h under the action of thermomechanical fields were
e conducted [41, 42, 259].

The two-dimensional theory of plates and shells, as
well as the one-dimensional theory of bars, was not used,
and the entire analysis was carried out from the
standpoint of the three-dimensional theory of elasticity.
The need for a three-dimensional approach to the

G Vadym computation of thin shells is caused by the fact that real
eorgiiovych .

Piskunov shell structures are often designed as heterogeneous
(1934-2016) systems: smooth and step-variable thickness, with kinks,

reinforced ribs and pads, weakened holes, grooves and
channels, faceted, multi-layered. The problem of
choosing a design model (or a combination of several) for
a fairly accurate approximation of design sections with
different geometric and physical features was solved as
follows.

Two types of its features were considered: a)
geometric features in the form of continuous and step-

Mykola variable thickness; b) structural inhomogeneities of the
Oleksa{ldroyych material along the thickness and in the plan in the form of
a ool 5 a combination of multilayer packets. Each layer of

material may be anisotropic and different. Thus, thin
multilayer shells of variable thickness and of complex geometric shape are
considered as three-dimensional bodies that can be supported by ribs and
overlays, weakened by grooves, channels and holes, and have breaks in the
middle surface (Fig. 14) wlile Fig. 15 shows examples of calculated structures
of complex shape.

Shell sections with stepwise-variable thickness

Casing with constant thickness

Cover plate

Casing with
stepwise-variable Casing with smoothly-variable
thickness Hole thickness

Fig. 14. Shells heterogeneity
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A non-classical kinematic hypothesis of a deformable straight line is used - a
straight line in the thickness direction, which contracts or elongates, remains
straight after the deformation of the shell. This line is not necessarily the normal
to the midsurface of the shell. The layers of the shell are rigidly interconnected
in a monolithic package and are jointly deformed without slipping and tearing
along the surfaces of contact on which the condition of equality of the
components of the displacement vector is satisfied. A model of an elastic
nonlinearly deformable continuous mediua is used. More specifically, the
components of large displacements and small deformations are linear functions
of displacements.
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Fig. 15. Examples of thin-walled shell structures of complex shape

The difficulties of taking into account the joint work of structural elements
of various dimensions in a heterogeneous shell are overcome by modeling
sections of stepwise variable thickness with the same type of spatial finite
element. In the formation of resolving equations, the procedures for determining
the necessary values of the element parameters are used, which allow to
accurately describe the geometry of structural elements and take into account
their joint work as three-dimensional bodies.

An assessment of the curvature K = 2a%/(Rh) effect on the stability of a
smooth, hinged panel of constant thickness is presented in Fig. 16 as an
example.

The shell under consideration was heated linearly over thickness (the outer
surface cooled and the inner heated by the same value T, °C). Equilibrium modes
are stable up to the top and after the bottom critical points of the diagrams. The
panels at K < 16 do not lose their stability. It was established that the “shallow”
panels (K < 30) deform and lose their stability according to the “f” mode. The
modes of deformation of “non- shallow” panels (K> 30) during the loading
process change and become more complex (modes “a - €” for K = 48).
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Fig. 16. Shell stability under thermal loading

Currently, this topic has been extended to the problems of natural vibrations
of inhomogeneous shells, taking into account the prestressed state, when the
modal characteristics of the object are calculated at each step of thermo-force
loading [10].

Note that not only the stability of the shells was developed in the framework
of numerical studies using computers. Some characteristic tasks were
investigated, the solution of which without the use of computers was previously
inaccessible. These included such essentially nonlinear problems as the stability
analysis of systems with one-way connections [16, 32], the spatial stability
problem of the skeleton of high-rise buildings [364], a subtle analysis of the role
of ribs [3], and many other problems that arise in design practice.

5.5. Computational problems

One of the most laborious tasks arising in the process of calculating
structures is the solution of large systems of linear and nonlinear equations. The
limitations of the random-access memory and the low speed of exchanges with
external memory, characteristic of the first computers available for use, made it
necessary to focus on the use of iterative methods for solving the problem [264,
499, 500]. Various variants of the descent method were tested and developed:
the gradient method, the ravine method, the upper relaxation method, etc. The
gradient descent method was used to find the minimum eigenvalue in the
stability problem for rectangular plates with notches [376].
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Only gradually, around the end of the sixties, were the first successful results
of applying direct methods for solving large systems of linear equations
demonstrated. For example, it was pointed out that the Gauss block method was
effectively used with a minimized number of references to external memory
[232]. It was especially effective in solving problems with a large number of
loading options or in combination with iterative algorithms that require multiple
solutions of equations with a constant matrix and variable right-hand sides (for
example, in the method of elastic solutions).

Two circumstances played an important role in promoting direct methods:
taking into account the tape structure of the coefficient matrix, which is realized
with a certain numbering of unknowns, and effective discipline of exchanges
with external memory [18, 422, 423]. Naturally, the development of
computational algorithms, leading to the appearance of a successful structure of
the coefficient matrix, was the subject of special studies [5, 186].

Starting from the 90s, direct methods, which take into account the sparse
structure of the matrix, have gained great popularity. Due to efficient ordering
algorithms, which significantly reduce the fillings in the factorization process, it
is possible to significantly reduce the size of the factorized matrix and the
duration of calculations [121, 122].

In modern commercial and scientific FEM programs when solving large-scale
problems, the most widespread are the subtle implementations of the subspace
iteration method and Lanczos method. The method of iterating a subspace has
established itself as a very reliable, although being not the fastest method. The
block version of this method is especially effective when using shifts [5].

The generalized conjugate gradient method based on aggregate multilevel
preconditioning [113] combines the advantages of the conjugate gradient
method, aggregate preconditioning, and the use of a shift strategy.

Serious computational difficulties were overcome in solving the problem of
the inelastic behavior of reinforced concrete structures. Two different methods
of solving it were considered. In the first method, the load parameter is the
leading one. The algorithm [118] uses the implicit Newmark method when
balancing nonlinear iterations by the Newton-Raphson method. In it, the leading
parameter is the load. When solving many problems of statics, this approach
leads to the fact that when “slipping” the limit point of the equilibrium state
curve (the “load-characteristic displacement” curve), the Newton-Raphson
method diverges. Therefore, an algorithm for solving a nonlinear static problem
was applied, in which the leading parameter is the length of the perpendicular to
the tangent to the equilibrium curve.

The procedures for the formation of a matrix of tangential stiffness, its
factorization, direct and inverse substitutions, and finally, calculations of the
vector of internal forces are performed by more than 99% of the computational
work, so they demanded maximum acceleration. The stiffness matrix
factorization and direct / inverse substitutions are determined by the choice of
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the solver [115, 116, 118]. The peculiarity of these tasks is that the duration of
the aggregation procedure of the tangential stiffness matrix, as well as the
procedure for determining the vector of internal forces are values of the same
order as the duration of solving a system of linearized algebraic equations, since
the calculation of finite element stiffness matrices is associated with the
calculation of a large number of integrals. Therefore, schemes were developed
for parallelizing these algorithms.

The appeal of specialists in the theory of structures to the construction of
computational algorithms proved to be useful and fruitful. As an example, we
can refer to the idea of using superelements, proceeding from mechanics, which
then received independent development in computational mathematics in the
form of a block multi-frontal method for solving equations [118]. At the same
time, the very idea of the simultaneous formation and solution of resolving
equations (frontal method) was also proposed by specialists in structural
mechanics. Other issues of the computational plan were also solved, in
particular, methods for improving conditionality were found [118, 373], a
system for monitoring results was created. The discovered mechanical
interpretation of the computational operations turned out to be useful, in
particular, the fact that the step of Jordan exceptions corresponds to the
installation / removal of the connection [170].

However, not only the problem of solving resolving equations was the
subject of research. For example, the algorithmization of stability problems with
the massive use of complex spatial design schemes required more precise
answers to a number of fundamental questions. And here some important results
were obtained: it was shown in [348] that the habitual use of the concept of
computational lengths cannot be applied in some spatial problems, and in
problems solved taking into account the sequence of construction creation it is
necessary to clarify the very issue of stability [331, 340]. As applied to spatial
problems, it was necessary to more strictly substantiate the possibility of using
the well-known method of checking the location of a given loading parameter in
the spectrum of critical values [419].

5.6. Numerical solution of nonlinear problems

Computer modeling has become practically the main method for solving
nonlinear problems, for which complicated performances have become real,
both from the point of view of the geometry and structure of the analyzed
objects, and taking into account the complicated loading conditions and the
influence of the external environment.

Naturally, the transition to non-linear problems required clarification,
specification and improvement of the usual approaches. It was necessary to
develop algorithmic numerical methods for nonlinear analysis, which can be
implemented on a computer, and allow for a global study of resolving nonlinear
differential equations, identification of singular points, construction of
branching solutions and analysis of their stability.
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To overcome the basic mathematical difficulties in solving static problems,
in [208] it is proposed to use the method of continuation with respect to the
loading intensity parameter, based on the transition to the Cauchy problem, and
the numerical analysis of the obtained problem. And in the neighborhoods of
singular points where the problem degenerates and vanishes the Jacobian of a
system of nonlinear algebraic equations (critical value), an algorithm for
approximate branching is used. In the study of the stability of T-periodic
processes in [209], a synthesis of the procedure for the continuation of the
solution by the leading parameter, the Floquet theory, and the methods of the
theory of branching was proposed. An example of such an analysis from [213]
in the form of the dependence of the amplitude of vertical oscillations of the
node of the von Mises truss on the loading intensity is presented in Fig. 17.

When passing through the limiting points, the method of changing the
leading parameter was used, later a method was used that applies the length of
the arc of the state curve as the continuation parameter [35]. This markedly
simplified the passage of a turning point in the study of equilibrium states or
regular periodic motions. The continuation technique makes it possible to find
regions of stable and unstable periodic solutions using the eigenvalues of the
monodromy matrix on the basis of the Floquet theory.
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Fig. 17. Dynamic loading of the von Mises truss

The methods developed in [208, 209] were widely used to solve a number of
specific problems that were performed at the PNDL TPK of the KCEI (see, for
example, [213] or [216]).

In the monograph by V.I. Guliaev, V.V. Gaidaichuk and V.L. Koshkin [214]
nonlinear problems of statics and dynamics of flexible bars were considered.
The behavior of flexible rectilinear and curvilinear bars, subjected to arbitrary
static and dynamic disturbances caused by force and kinematic excitation of
harmonic oscillations, portable, relative and Coriolis inertial forces, gyroscopic
forces of rotating rotors, nonconservative forces of interaction with external and
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internal flows of liquid and gas was studied. An example is the analysis of the
behavior of helical coil springs under static loading (Fig. 18).
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Fig. 18. The deformation of the coil spring
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Later V.I. Guliaev, V.V. Gaidaichuk and their students considered a number
of practical important and complex tasks related to the blades of helicopters and
wind turbines, as well as the operation of drill strings for ultra-deep oil and gas
production (see, for example, [215, 217, 218]). In this case, some effects and
phenomena that had not been studied before were discovered.

When performing the stress-strain analysis of plates and shells, first of all,
attention was paid to their work during large deflections (see, for example, [179,
199, 201, 295]). Nonlinear problems with physical nonlinearity of various origins
were also studied (see, for example, [22, 103, 176, 180, 191, 252, 284, 435]).

Speaking about the achievements of the Kyiv school
problems of the theory of structures, it should be noted that it
was in the Kyiv Institute of Hydromechanics of the
Ukrainian Academy of Sciences where E.Y. Rashba opened
a new class of nonlinear problems that later became called
genetically nonlinear ones [369]. This work was the first
study in which the mechanical problem of building up a solid
in the field of mass forces was solved. Quasistatic elastic
stresses in an infinitely extended wedge, continuously
increased by not strained but heavy layers were determined
in it. The resulting solution is markedly different from the
classic one, which is clearly shown in Fig. 19.

in solving nonlinear
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Fig. 19. Comparison of solutions:

(a) - with instant erection, (b) - taking into account gradual build-up



ISSN 2410-2547 45
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2020. Ne 104

Nonlinearity of this type is especially pronounced in massive structures such
as dams. Later another employee of the Institute of Hydromechanics L.I.
Dyatlovytsky actively engaged in the computation of such objects after the
professor E.I. Rashba [84, 85, 86].

It should be noted that in recent years, genetic nonlinearity is almost always
taken into account when designing high-rise buildings, bridges and other
complex structures, where the effect of changes in the calculation structural
model is noticeable [342].

5.7. Numerical methods of probabilistic calculation

Only a few problems of probabilistic analysis and statistical dynamics of
structures can be solved analytically. Numerical studies of such problems were
performed in the department of statistical methods in structural mechanics at the
PNDL TPK of KCEI (later - Institute of Structural Mechanics of Kyiv National
University of Construction and Architecture, KNUCA) under the guidance of
Ye.S. Dekhtiariuk and dealt with various problems.

Statistical processing of the results of field tests was the
subject of research in the works [48, 123, 518]. On the basis
of the developed algorithms, a software system was created
that focused on processing experimental data concerning the
parameters of the mechanical behavior of aircraft. = S

The development of a generalized statistical testS ‘ /’
method (Monte Carlo method) and its use for solving /s

problems in the theory of elasticity are presented in [79, Yevgenii
303, 304]. Selective realizations of random external loads sDe:]q(irtll(;\rll{lcl?
were modeled on the basis of the fast Fourisr transform (1935-2012)

[302]. In this way, problems of stationary random vibrations
of mechanical systems were solved in linear and geometrically nonlinear
formulations, and the probability of failures was also studied [304].

In problems of statistical dynamics [14], the main attention was paid to the
analysis of dynamic stability and the study of simple and combination
resonances [12, 13, 77, 80, 81, 82, 233].

5.8. Cable-stayed structures

A peculiar class of nonlinear problems is associated with the calculation of
cable-stayed and cable-stayed-bar systems, which began to be very actively
studied in the sixties of the twentieth century. Interest in this problem was
initiated by the translation of the book by F. Otto “The Suspended Roof”, which
appeared in 1960, and was stimulated by the real problems of cable-stayed
systems design that were solved in UkrRDIsteelconstruction, KyivZNDIEP and
NDIBK.

The first works performed in Kyiv belonged to V.M. Gordeiev [168, 171,
173] and L.G. Dmitriev [96, 97, 98]. The basic resolving equations of statics
and dynamics for cable-suspended roofs having the form of a grid located on the
surface of negative Gaussian curvature (Fig. 20) were obtained. In the work
[167], the mesh was so thick that it was already a tissue membrane. Similar was
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the formulation of the problem in works performed in the PNDL TPK of KCEI
[257, 262, 377], where the main resolving equations were obtained and analyzed
for statics and dynamics of cable-stayed networks. The approach to static
calculation as a special case of dynamic analysis made it possible to develope an
effective scheme for solving nonlinear problems of statics using a modified
dynamic relaxation, called the method of discrete breaking [257].

The problem of calculating the cable system should be solved in a
geometrically nonlinear formulation. An exception can only be a calculation for
the equilibrium load, and then only if the elastic displacements it causes are
sufficiently small. With regard to cable-stayed networks, the possibility of linear
formulation was examined and justified by V.M. Gordeiev [171, 172], who
indicated the limits of applicability of such an approach and solved a number of
important practical problems.

Fig. 20. Cable-stayed networks

Static-kinematic analysis of cable-stayed systems was investigated by
L.G. Dmytriiev [96], while the fundamentally important role of the possibility
of creating a prestress for instant-rigid systems to which cable networks belong,
was established, and also the ranking of properties associated with the
possibility of creating a prestress was indicated. It is indicated that the prestress
corresponds to the constraints that prevents the skewing of the bars.

In another work, L.G. Dmytriiev
presents cable-stayed networks of not
only a simple rectangular structure, but
also systems of a more general form
(triangular, hexagonal, etc.) [97].
Extensive information on the structural
solutions of cable-stayed coatings,
including the author's development, is

Leonid Oleksandr presented in a monograph written by him
Georgiiovych Vasyliovych together with O.V. Kasilov [99]. The

Dmytriiev Kasilov
(193 ]>:20]8) (1933 - 1988) work of the team, headed by

')-‘J‘,M‘
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L.G. Dmytriiev and O.V. Kasilov, on the development and implementation of
cable-stayed structures in the construction were awarded the State Prize of
Ukraine.

L.G. Dmytriiev proposed an iterative process for calculating cable-stayed
networks, at each stage of which the magnitudes of displacements are refined
until the unbalanced part of the load found from the static conditions is
sufficiently small [101]. Subsequently, L.G. Dmitriev applied another fast
converging process to the calculation of networks, based on the separation of
two types of geometric nonlinearity), which make it possible to use the
computer efficiently [100].

A special case is associated with the calculation of vertically arranged flat
cable-stayed networks, which served as a supporting structure for a short-wave
antenna (Fig. 21). The tension of the elements of such a network was provided
by a system of counterweights and were known.
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Fig. 21. Layout of antenna network for radio waves of A length

For such networks, a kind of structural mechanics has been built, where the
relative cable tension - the projections of the force in the thread onto the
network plane related to the length of the thread section - play the role of
stiffness. This structural mechanics is linear with respect to the displacement of
network nodes out-of-plane and with respect to the angle of inclination of cables
to the network plane. These values are linearly dependent on the load. But
equilibrium equations alone, as a rule, are not enough for constructing these
diagrams. As a result, statically indeterminate problem arise that can be solved
by the force method and the displacement method.

An independent and difficult task is the problem of forming spatial cable-
stayed networks. In such a network, the length of the cables must be chosen so
that the network, even in the absence of a load, is taut and has a functionally
determined shape.
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Most cable-stayed networks are designed so that the cables in the nodes are
not interrupted, and during the installation period they only touch the crossing
points and slide one over the other. The network acquires its form at this
particular time.

To solve the corresponding problem, a kind of technique was proposed [165,
1884, 185], in which a nodal insert was assigned to the
crossing point of two cables (Fig.22) without
interfering with the mutual displacement of the cables.
Each insert is characterized by three spatial and two

' cable coordinates, which are unknown when performing

: the calculation. The spatial coordinate is the Cartesian

Fig. 22. Nodal insert coordinate of the center point of the insert in the general

coordinate system, the cable coordinate is the distance

from the beginning of the cable to the axis of the insert. The system of nonlinear
equations for the mentioned unknowns was solved by the step iteration method.

Fig. 23 shows the result of the choice of the shape of a radial cable network
with a rigid external and flexible internal contour, to which the radial cables are
attached so that their ends can freely slide along the contour. The shape of the
inner contour and the coordinates of attachment of the radial cables to it are
defined flawlessly.

Fig. 23. Radial cable network with flexible internal contour

Suspended roofs have often been considered from the point of calculation of
very flexible membrane-type shells (see, for example, [263]). It should be noted
here that when it comes to awning structures where the fabric is used, it is
necessary to take into account that the fabric shell not only does not perceive
bending moments (and this is similar to a membrane), but also does not perceive
a shear force. This effect was taken into account in [167, 172], and is not taken
into account, for example, in [43]. Thus, tent constructions were excluded from
the consideration, and examples of calculations of soft shells belonged to
constructions made of rubber-material.

For such structures, as well as for thin membranes, the problem of transition
to a uniaxial stressed state in the zones of fold formation is important (Fig. 24).
To solve this problem, two main methods were used: modeling the zone of fold
formation by a constructive anisotropic material [43, 395], or modeling with a
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material that did not perceive compressive stresses,
i.e. peculiar unilateral constraint [179].

The methods of static calculation and stability
testing were developed for the cable-bar systems,
to which the masts, bridges, etc. belonged
(Fig. 25). The canonical equations of the force
method, the displacement method and the mixed
method were generalized for such structures [169,
328,333]. The dynamics of such systems is
discussed in [258]. At the same time, the
possibility of disconnecting from the work of the
cable element, which turned out to be compressed
at some point in time, and its incorporation into
work at restoration of tension, was taken into
account.

Omin Oy, MIMa

Fig. 24. Results of study of

pneumatic pillow (the folded

area is limited by the dotted
line)

(b)

Fig. 25. Cable-bar systems: (a) - transmitting antenna, (b) -

cable-stayed bridge

An important engineering problem related to the
regulation of forces in such structures as applied to cable-
stayed bridges was solved in the works of G.B. Fuks and
M.M. Korneiev [125, 267], who considered regulation as
a process of creating prestressing in a weightless design
scheme by forced deformation of the design model being

manufactured.

In parallel with the works on the theory of cable and
cable-bar systems, studies have been developed on the
methods for calculating flexible ropes of finite stiffness

Geogii Borysovych
Fuk:

uKks
which were conducted by V.M. Shymanovsky [393, 396, (1927-2008)

400].
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A natural generalization of the design model of the
cable-bar system, in which there are non-perceiving
compression cable elements, is a system with unilateral
constraints, to the analysis of which was devoted a series of
works of a pioneer nature. Thus, in [183] it was proved that
the problem of static calculation of systems with unilateral
constraints can be represented as a quadratic programming
problem. The ways of formulation of such a problem in
forces and in displacements were indicated in this paper.

o

Vitalii K R . . .
Mykolaiovych Methods of static calculation and verification of stability, as
Shymanovsky well as properties of possible solutions, are analyzed in

(1528-2000) detail in [330]. Algorithms for solving the problems of

stability and vibrations of deformable systems with unilateral constraints, and
the solution of a number of such problems are presented in the book [18].

In order to reduce the dimension of the original nonlinear equations and to
decrease the complexity of the nonlinear problems of shell statics and dynamics, a
reduction of the basis was proposed. This reduction was based on the assumption
that the desired form of equilibrium of the entire construction with a sufficient
degree of accuracy can be represented as a linear combination of several
specially selected functions [78, 192, 260, 286].

5.9. Optimal design

The desire to optimize design has always been present in project practice and
served as a motive for a number of research work. One of the first in this series
is the work dedicated to the search for the regularities, which the constructed
structures of different types possess. Such a systematic comparison of various
schemes of bridge structures with the aim of choosing the best solution was
carried out by many researchers, including Ye.O. Paton [320].

This direction of research to some extent is not theoretical but experimental,
since it can be assumed that every real construction is a unit experiment,
although not specifically designed to investigate the regularity of the behavior of
the whole set of similar structures. However, the multiplicity of this kind of
experimental data allows them to be used to identify hidden patterns or to
formulate a problem for conducting special investigations [92, 318, 323].

The problem of optimization is often considered as part of a work devoted to
the analysis of behavior and recommendations for the design of structures of a
particular type or destination. As an example, it can be noted that a significant
part of the book by Ye.O. Paton and B.M. Gorbunov [321] is devoted to the
problems of choosing the best constructional solution (optimal height and
magnitude of spans, the best grid scheme, etc.)

The simplest problems associated with the optimal layout of the cross
section of the beam, or with choosing the shape of the beam of equal resistance
were considered. Here, the work of I.Ya. Shtaierman [412], can be marked. He,
unlike other authors, as a beam of equal resistance chose one, for which the
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greatest tangential stresses were identical along the entire length (the third
strength theory).

Starting from the middle of the 20th century mathematical methods of
optimization began to be used to solve such problems: linear and nonlinear
mathematical programming, theory of optimal control, nonclassical variational
calculus, and so on. Most often, tasks of optimizing objects of a certain type were
considered. Thus, for the tower structures using the Pontryagin maximum principle,
the optimum shape of the tower structure belts was found [178]. For the spatial
structural roofs the optimal parameters of the design solution were found with all
costs included, accounting heating costs and other current costs [49, 178, 398, 523].
With the use of computer technology and in a refined formulation, optimal design of
crane beams [139] was considered, when not only the cost of materials was taken
into account, but also the laboriousness of constructions production. Interesting
results were obtained here, showing the differences in the design, depending on the
ratio of the value of materials and labor resources.

Optimization problems were solved, as a rule, in relation to structures of a
particular type. The problems of finding the optimal configuration of the shell
surfaces [20, 68, 70, 505, 509], optimal reinforcement of constructions from
reinforced concrete [74, 76, 133, 527] and others were considered. Searching for
an optimal shape was most often considered in the form of searching for optimal
parameters when choosing from a certain family of functions (for example,
surfaces of a transfer or surfaces developed from a certain initial form by two-
component geometric transformations [71]).

It is known that when calculating for single load, the construction of the
minimum weight is statically determinate. However, most of the real problems
are related to the case of multicomponent loads and there are significant
complications. In the series of works by I.D. Glikin and A.I. Kozachevsky [130,
131, 132, 133], an iterative step-by-step approach to the optimum with small
changes in the parameters of the problem (sections of the elements or their
reinforcement) was proposed for optimization at many loads. It leads to the
necessity of solving the problem of linear programming at each step of the
iteration. In the general case, such a process leads to a local minimum. An
alternative approach is to find the optimal solution taking into account the
possibility of creating a pre-stress. The search for such a solution, as the task of
finding the Chebyshev point of the system of inequalities describing the
limitations of strength, was proposed in [335].

The practice of solving specific optimization problems has shown that search
for an exact solution, especially for multi-extreme problems, is associated with
large computational and fundamental difficulties. Therefore, in such cases, the
problem was coarsened and some approximate solution was searched for.

It should be noted that into the concept of an approximate solution to the
optimization problem mathematicians and engineers often put not one and the
same meaning. From the mathematical point of view, the discrepancy with the
exact solution is estimated by the difference in the coordinates of the points of
the approximate and exact solutions, whereas from the engineer's point of view,
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the deviation from the global minimum of the objective function should be
considered as a solution assessment. With a small deviation, the acceptability
for the practice of such an approximate result is not in doubt.

This idea apparently was first expressed and broadly considered by
V.M. Gordeiev, who suggested instead of finding the point of an extremum to
seek out, and then analyze in more detail all the set of solutions adjacent to this
point [162, 174, 397, 398]. The fact is that most real optimization problems have
a "smooth extremum", i.e. even a noticeable deviation from the ideal solution
does not change the value of the objective function much. So it gives the
opportunity to take into account additional difficult to formalize conditions (for
example, the discreteness of certain parameters) without leaving the set of
solutions close to the optimal in the space of design parameters.

To solve the problem in such a statement, a specially developed method of
uniform reserves proved to be well-adapted. This new method is the
development of known methods of the interior point and the method of centers
for solving mathematical programming problems [398]. In addition,
approximations of the solution region close to the optimal by n-dimensional
ellipsoid (n is the number of design variables) were used.

The cycle of studies related to the optimization of metal structures, including
metal cable-stayed bridges, was performed by V.V.Trofymovych and
V.O. Permiakov [352, 353, 461, 463, 464]. Among others, problems were
solved, in which the prestress value of the system and the cross-section of its
elements were chosen, as well as the problems of finding optimal configuration
of the lattice structure. Linear programming was used as a research tool.

More complicated formulations of optimization problems were solved by
methods of nonlinear mathematical programming, while using the genetic
algorithm in combination with descent methods. For example, the construction of
a wind power plant was optimized. Here, based on the minimizing the cost of
kilowatts of the output power, the parameters of the bearing structure as well as
the diameter of the wind wheel were optimized [325].

As for reinforced concrete structures, here the problem formulation often
involved optimizing only of structural
reinforcement. It is also assumed that the
formwork dimensions of the structure are
specified and are not subject to change
(i.e. stiffness parameters are practically
known).  When  optimazing shell
structures, additional assumption was
used according to [68, 69, 70, 74, 527].
This assumption is that reinforcement
should correspond to the maximum load,

Vol (\ifiktor Ol\ioloddymyr | which is determined on the basis of the
hOT‘r’OtYyr;yorSyvcy}f Cermiakoy kinematic model of the method of

(1926-2004) (1938-2007) limiting equilibrium. The account of
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redistribution of internal forces due to the inelastic behavior of the material in
the optimization problem of reinforcement was carried out account in [40].

In view of the relatively low consumption of reinforcement in shell
structures, the optimization effect is relatively small. More interesting results are
related to finding the optimal surface of the shells. Studies of this type of were
performed for the shells of revolution [67, 371] and shells whose shape was a
transfer surface [505].

The description of optimization methods applied in structural mechanics,
including problems with incomplete load information or multicriteria
optimization problems, was presented in the monograph by V.I. Guliaiev,
V.A. Bazhenov and V.L.Koshkin [211]. In contrast to the canonical
optimization problems formulated in finite-dimensional spaces and solved by
methods of mathematical programming, the main attention was paid to optimal
design problems in functional spaces. As illustrative examples, the problems of
minimizing the mass of thin conical, spherical (Fig. 26) and cylindrical elastic
shells under strength and geometric constraints were solved. Optimal shell
design taking into account geometrically nonlinear behavior under stability
constraints was considered as well.

. 11,5 MN/m
E= 26 MN/cm
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Fig. 26. A spherical shell with optimal mass distribution

Also the problem of choosing the optimal parameters of the passive
vibration protection system was solved. Vibration dampers of simple systems
subject to the harmonic loading of a changing frequency were considered. Later,
the problem was generalized to the case of optimization of the pendulum
damper during random loading [17], as well as to search for the optimal
parameters of the pendulum damper of high-rise structures vibrations under the
influence of wind pulsations [15].

In conclusion of this section, we once again mention the problem of
determining the disadvantageous combination of forces acting on an elastic
system. This problem, on the one hand, belongs to the classical directions of
structural mechanics, such as, for example, the problem of loading lines of
influence, and on the other hand, it turned out to be in a certain shadow. Interest in
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it was revived during the transition to algorithmization of
calculations, and here, the authors of [6] made a serious
breakthrough in their time, consisting in using the idea of
describing the logical relationship of individual load
cases in the form of a directed graph. This idea was
subsequently developed in [175] and found its
completion in [163]. In the latter of them, a rather
general concept of calculation is built, based on the need
to search for a disadvantageous state, and this search

Georgii . . .
Vakhtangovich does not complete the calculation, but organizes it from
Isakhanoy the very beginning. Here the work [131, 436], dedicated

(1921-2012) 4 ! X
to this topic, also could be mentioned.

Usually, the basis of calculations, searching for an unfavorable combination
of loads, is the use of the superposition of the contributions of individual load
cases, i.e. it is assumed that the calculation relates to a linear system. An attempt
to solve the problem of finding unfavorable loading, based on the application of
the theory of optimal control, was undertaken in [329], but it did not find wide
application, since the complexity of the calculations turned out to be excessive.
The problem is still waiting to be solved.

6. SCIENTIFIC SCHOOL OF THE STRUCTURAL MECHANICS OF
THE KYIV NATIONAL UNIVERSITY OF CONSTRUCTION AND
ARCHITECTURE

In 1961, at the Kyiv National University of Civil Engineering and
Architecture (then the Kyiv Civil Engineering Institute, KCEI), on the initiative
of Professor D.V. Vainberg the Research Laboratory of Thin-walled Spatial
Structures was established. It was transformed in 1966 into the Problem
Research Laboratory of Thin-walled Spatial Structures (PNDL TPK).

Professor D.V. Vainberg headed the Department
of Structural Mechanics and PNDL TPK until his
death in 1973. From 1974 to 1989 the head of the
department and the supervisor of the laboratory was
Professor G.V. Isakhanov. From 1989 to the present,
the Department of Structural Mechanics and the
laboratory, subsequently transformed into a research
institute, is headed by a full member of the National
Academy of Pedagogical Sciences of Ukraine,

David Veniamynovych Professor VA Bazhenov. .
Vainberg The Scientific and Research Institute of Structural
(1905-1973) Mechanics (Naukovo-doslidny institute budivel noi
mekhaniky, NDIBM), established on the basis of
PNDL TPK in 1991, conducts fundamental and applied research on the theory
and methods of calculating the strength, stability, and vibrations of complex
spatial structures under the external influences of a different physical nature and
developing on this basis a problem and object oriented software. The results of
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the work have practical application for solving the problems of strength,
stiffness, stability, modeling of vibration processes and determining the bearing
capacity of building constructions and structures. Individual parts of the
constructions, as well as critical structural elements of machines operating in
various industries, including gas and steam blades turbines, turbine rotors,
nuclear reactor shells, shallow shells of roofs of underground and ground
structures, bearing elements of towers and masts, bar systems, pressure vessels,
elements of valves, damper devices and a number of other important objects
also subject to close attention and calculation.

The result of the activities of the Scientific School was the training of a
significant number of highly qualified specialists in the field of structural
mechanics and mechanics of a deformable solid. In particular, during the
existence of the Scientific School, following researchers defended their
candidate dissertations:

1964 V.M. Rakivnenko, 1965 V.Z. Zhdan, I.A. Kolomiets
G.B. Kovnerystov

1966 F.O. Romanenko, 1967 Yu.K. Chekushkin,
O.L. Syniavsky, V.I. Guliaiev A.V. Odynets

1968 O.S. Sakharov, 1969 V.A.Bazhenov,
V.P. Stukalov V.M. Kyslooky,

[.A. Bazylevych
1970 Jo.Z. Roitfarb, P.P. Voroshko 1971 Yu.V. Veriuzhsky
S.M. Liubchenko

1972 V.M. Gerashchenko, 1973 V.K. Chybiriakov
R.K. Demianiuk
1974 0O.V. Shishov, D.R. Kolev, 1976 V.G. Kobiev,
V.V. Kyrychevsky, G.Yo.Melnichenko,
Ye.O. Gotsuliak S.Ya. Granat, P.P. Lizunov
1977 V.V. Gaidaichuk, 1978 O.I. Guliar, R.K. Bobrov,
G.G. Zavialov, Chu Viet S.M. Chorny
Kyong
1979 A.L Vusatiuk, Spartak 1980 M.O. Solovei,
Mohammed Salem, I.Ye. Goncharenko,
A.S. Svystov 0O.A. Kyrychuk, Adnan Alj,

Pemsing Krishna, Samsur
Abdullah, Hoang Xuan Liong

1981 O.N. Beskov, 1982 N.T. Zhadrasinov,
V.Ye. Veryzhenko, 0.Ya. Petrenko,
O.1. Vynnyk, L.A. Vriukalo, V.V. Savytsky,
0O.L. Kozak, A.D. Legostaiev, V.V. Khymenko,
B.M. Marzytsyn, V.K. Tsykhanovsky,
0O.1. Ogloblia, 0.V. Shymanovsky

0.0. Kholodenko
1983 G.S. Kondakov, S.L. Popov, 1984 V.M. Karkhaliov,
0.V. Savchuk, V.M. Chaban P.G. Melnyk-Melnykov
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1985

1987

1989

1991

1993

1995

1997

2001

2003

0.V. Gondliakh, Dan Khyu
Kun, O.A. Zverev, O.1. Korzh,
T.I. Matchenko,

T.L. Savchenko,

M.K. Sysengaliiev,

Fan Din Ba

K.Ye. Boyko, L.S. Ivanova,
V.B. Kovtunov, V.L. Koshkin,
S.G. Kravchenko,

T.A. Kushnirenko, Kyonh Le
Chunh, Ye.D. Lumelsky,
Nhuen Shy Chan,

O.1. Pylypenko, 1.V. Polovets,
S.V. Potapov, A.G. Topor,
Khettal Takhar, V.M. Chyrva
V.G. Borysenko, O.V. Bratko,
0.B. Vasyliev,

G.Ye. Zakharov, Ignas Aloyis
Rubaratuka, V.Ye. Kravtsov,
V.V. Lazhechnikov,

0.Ye. Mayboroda,

0.Yu. Mozharovsky,

Yu.Z. Totoyev, O.B. Ushak
0.A. Bogutsky,

0.V. Gerashchenko,

A.M. Katsapchuk,

Ye.E. Kotenko, O.P. Koshovy,
0.B. Krytsky, Yu.S. Petryna,
Said Ahmed Shah, Eneramadu
Kelechi Obinna

Gbenu Atiglo Raphael,
V.0. Pokolenko, Xia I

Puygen, P.P. Cheverda,
Shu Ming

0.G. Kovalevska,
V.O. Rutkovsky,
Juan Carlos Inchausti
N.A. Snizhko

Yu.D. Geraimovych,
S.O. Pyskunov, L.I. Solodei
0.V. Kostina

1986

1988

1990

1992

1994

1996

1999

2002

2005

0.V. Glimbovsky,

V.M. Yermisheyv,

S.V. Zablotsky, Saudi Khasen,
V.V. Chemlaiev

Yu.M. Appanovych,
G.G. Burtsev, A.A. Grom,
0.0. Odynets

V.S. Boyandin, G.L. Vasilieva,
Yu.L. Dinkevich,

0.V. Mirchevsky, Sadik
Obanishola Mufutou,

0O.A. Fesenko, N.L. Filippova

0.V. Belolipetska,

Yu.V. Vorona,

K.Ya. Golovatiuk, Yu.M.
Dyadenchuk,

T.G. Zakharchenko,

1.0. Klimko, Obanishal Sadni,
1.O. Serpak, Vazir Pad Shah,
V.O. Yasinsky

V K. Bondar, N.A. Valeieva,
Jaber Chord, G.M. Ivanchenko,
M.G. Kushnirenko,

0.0. Lukianchenko,

Temor Shah, Yu.O. Shinkar
Hablos Abd Razzak,

G.L. Dmytriiev, Ayat Nouari

D.E. Prusov,

Labu Mezian, Saidi Amin
Genduzen Abdenur, Busettta
Mubarek

0O.P. Kryvenko
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2006 M.V. Goncharenko 2007 O.0. Shkryl

2008 M.S. Barabash 2009 V.P. Andryievsky

2011 S.V. Mytsiuk 2012  Yu.V. Maksymiuk

2013 M.O. Vabischevych, 2019 A.V. Pikul, R.L. Strygun
D.V. Bogdan

A considerable number of representatives of the Scientific School defended
doctoral dissertations:

1975  O.L. Syniavsky 1978  O.S. Sakharov
1979  V.I. Guliaiev 1981 Yu.V. Veriuzhsky
1984 V.A. Bazhenov 1987  V.Ye. Verizhenko
1989 VK. Chybiriakov, P.P. Lizunov, 1990 Ye.O. Gotsuliak,
0.1 Guliar, V.V. Kyrychevsky, Ye.S. Dekhtiariuk
P.P. Voroshko
1992  V.V. Gaidaichuk, 1993  O.A. Kyrychuk
G.B. Kovnerystov
1994  O.V. Gondliakh 1995  O.L. Kozak, O.1. Ogloblia
1999 V.K. Tsykhanovsky 2004  S.Yu. Fialco,
Tran Duc Chinh
2006  Ya.O. Slobodian 2008  M.O. Solovei
2009 V.M. Trach 2011 S.O. Pyskunov
2012  G.M. Ivanchenko 2013 LI Solodei
2018  0O.0. Shkryl 2019  Yu.V. Maksymiuk,
Yu.G. Kozub

2020  M.O. Vabischevych

In total, during the existence of the scientific school, 31 doctoral and 173
candidate dissertations have been defended.

The achievement of such a level of training of scientific and technical
personnel was greatly facilitated by the corresponding publications of applicants
in the collection of "Opir Materialiv i Teoriia Sporud".

An interdepartmental collection of scientific articles “Soprotivlenie
Materialov i Teoriya Sooruzheniy” was created in 1965. Since 1998, the
collection has been published under the title Opir Materialiv i Teoriia Sporud"
(Strength of Materials and Theory of Structures: Collection of scientific articles)
ISSN 2410-2547. The editorial board of the collection includes professors from
universities in Poland, Vietnam, and the USA. 103 issues were published for the
period 1965-2019. The collection publishes scientific articles that are prepared
in Ukrainian, English and other languages and contain the results of basic
research on topical problems of strength of material, structural mechanics,
mechanics of a deformable solid, theory of structures, related applied problems
of strength and reliability in mechanical engineering, construction and other
industries of modern technology. It also highlights the issues of teaching
structural mechanics, and provides information on new educational and
scientific publications on the subject of the collection. The archive of collection
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issues is available on the opir.knuba.edu.ua website in compliance with the
open access policy in the sense of the Budapest Open Access Initiative, which
makes it possible to disseminate new research results in each industry and in
each country.

The collection is indexed in the scientific and metric databases Web of

Science (https://openscience.in.ua/ua-journals), Index Copernicus
(https://journals.indexcopernicus.com/search/details?id=32331), DOAIJ
(https://doaj.org/toc/2410-2547), has an estimate using the Journal International
Compliance Index criterion. JIC index = 0.173

(https://jicindex.com/journals/42-64). The collection is also presented in the
Ukrainian abstract journal "Source" and in the abstract database " Ukrainian
Science".

Since 2017, according to the decision of the Scientific Council of the
Ministry of Education and Science of Ukraine, the collection has a special status
of a professional publication for publishing the results of research carried out in
scientific institutions of Ukraine due to state budget funding in the direction of
“Mechanics”. The collection received category A in accordance with the
Procedure for the Formation of the List of Scientific Professional Publications
of Ukraine.

The collection goes to the leading libraries of Ukraine, in particular, goes to
Vernadsky National Library of Ukraine (the full text of the collection is also
available on the website of this library), the National Parliamentary Library of
Ukraine, Vasyl Stefanyk National Scientific Library of Ukraine in Lviv and others.

CONPOTVBNER
MATEDUAT

From 2005 to 2012, a 6-volume edition of “Successes in Mechanics”,
dedicated to the beginning of the 3rd millennium and edited by Academician
0.M. Guz was being published in Kyiv. The edition was intended to familiarize
the world scientific community with the latest achievements of Ukrainian
science in the field of mechanics. The publication includes generalized review
articles published in the journal Applied Mechanics by leading scientists who
took an active part in the development of the corresponding areas of mechanics.
Among others, the edition presented reviews prepared by representatives of the
Scientific School of Structural Mechanics of KNUCA dedicated to solving
problems of nonlinear continuum mechanics with the help of MSFE and SFEM
[21, 38], as well as the study of nonlinear deformation and stability of elastic
inhomogeneous shells under thermomechanical loads [42].
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NDIBM collaborates with scientific institutions of the National Academy of
Sciences of Ukraine - S.P. Timoshenko Institute of Mechanics, G.S. Pisarenko
Institute for Problems of Strength, E.O. Paton Electric Welding Institute, with
research institutions in the field of construction - State Research Institute of
Building Constructions (NDIBK), the Research Institute of Building Production
(NIISP), OJSC "V.Shimanovsky UkrRDIsteelconstruction”, with industrial
enterprises in the field of mechanical engineering - State Enterprise "Gas Turbine
Research and Production Complex "Zorya-Mashproekt”, State Enterprise
Zaporozhye Machine-Building Design Bureau "Progress", Motor Sich JSC.

The results of research carried out at NDIBM were awarded the State Prizes
of Ukraine in the field of science and technology:

1991 "Theory, methods of mathematical modeling and numerical analysis of
the complex spatial structures processes of deformation";

2003 "Scientific research, development and implementation of low energy-
intensive technologies and equipment in construction";

2013 "Development of the innovative model and terms for preparation of
building industry specialists taking into account possibilities of modern
materials and technologies".

7. JUSTIFICATION OF CALCULATION STRUCTURAL MODELS,

RELIABILITY ANALYSIS

A variety of modern space-planning solutions and new constructive forms,
which are realized at the same time, have created a new design situation, when it
is often impossible to focus on traditional and well-tested structural models. At
the same time, modern computer technology creates practical possibilities for
using calculation structural schemes of a new type. In this regard, the theory of
structures has encountered numerous problems associated with the verification
and justification of structural models that were not previously studied in detail.
A typical example is the structural scheme of a modern high-rise building with
bearing structures in the form of a set of plate-shell components.

Applied methods of calculating multi-storey buildings, including those that
use the structure-foundation-soil interaction model was developed at KNUCA,
NDIBK, KyivZNDIEP (see, for example, [54, 265, 308, 386]). More general
problems of the analysis of structural schemes are presented in detail in the
monograph [345].

Naturally, the formulation of new complicated problems led to the need for
experimental confirmation of the main theoretical provisions. For example, the
cycle of experimental studies conducted at the Institute of Mechanics on models
of finned cylindrical shells made it possible to obtain data on the effect of
geometric imperfections [1, 528]. An experimental estimate of the bearing
capacity of spatial roofs was performed by NDIBK [399, 504]. Here the study of
a large model of the roof in Kyiv can be mentioned (Fig. 27).

The formation and development of welding in construction required the
implementation of a large amount of experimental work to confirm the strength
of welded structures. Such work was carried out at the E.O. Paton Electric
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Welding Institute by V.V. Shevernitsky, V.I. Trufyakov, V.I. Makhnenko,
L.M. Lobanov et al. [299, 301, 392, 465].

In connection with the evaluation of experimental data, studies were carried
out to assess the reliability of calculation models and their adequacy to the
problem being solved [105, 106, 107].

One of the mass construction objects is high buildings therefore the
justification of their design models is an urgent problem. A series of works in
this direction was done by D.M. Podolsky in KyivZNDIEP [361, 362, 365].
Among them, it is useful to note the work [365], in which the important problem
of taking into account the incompleteness of the available information was
formulated. The fact is that a decision on the adequacy of the structural model is
made on the basis of this incomplete information. In addition, it is important to
evaluate the influence of how the non-ideality of the structural scheme affects
the calculation results and how one can predict the expected deviations from the
ideal computational model [193, 312].

Fig. 27. Roof of bus fleet

Some of the problems, dictated by the demands of practice, put forward a
number of fundamentally new challenges. They had a noticeable influence on
the direction of the research carried out in the field of the theory of structures.
As an example, we can point to the Chernobyl catastrophe, which caused and
raised a number of issues unconventional for the theory of structures.

In particular, it became necessary to retrospectively assess the loads on
structures, as well as to predict the behavior of damaged structures, often based
on inaccurate data on the degree of their destruction [236, 414, 415, 516, 520,
521]. The purpose of these studies was to get an idea of the state of the
structural elements that had become inaccessible for explicit observation. Much
work in this direction was carried out by the NDIBK team with the involvement
of a number of specialists from other organizations [124].

It was necessary to estimate the risk of possible collapse of structures [266,
309, 394, 522], for which calculations of damaged structures of the 4th power
unit and elements of the Shelter Structure were performed and estimates of
residual resource were made.
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Many of the very diverse problems, including those in the field of the theory
of structures, arose in the process of designing a new safe confinement (NSC),
which was erected over the Shelter Structure (Fig. 28).

Fig. 28. Installation of confinement structures

Additional studies of possible extreme loads, such as tornadoes, clarification
of the seismological situation, development of methods for calculating the
effects of an avalanche that could occur when snow slides from an arch system
with a span of 256 meters and a height of 108 meters were required (Fig. 29).

Fig. 29. Bearing frame of confinement (calculation model)

All this issues should be taken into account when designing the NSC [237,
238, 279, 313, 416]. The very problem of designing this grandiose and very
responsible structure was also associated with a number of studies, in particular,
the question of optimal shaping was studied [44], and the problem of the
behavior of a large-span structure during an earthquake was analyzed taking into
account the influence of asynchronous seismic excitations of supports on the
dynamic response [31, 332].
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Naturally, most of the mentioned studies were carried out on the basis of
numerical methods that were implemented in the software, both of industrial
type and specially designed for the analysis of the behavior of the NSC. Many
of the techniques used in these calculations have a wider range of possible
applications than just analysis of the strength of NSC structures [332].

In addition, this disaster has allowed realizing the existence of restrictions for the
tendency to increase the unit capacity of objects. Explicitly, the concept of unit
capacity growth was called into question, apparently for the first time by
academician B.Ye. Paton [317] who noted that the ”...growth of unit capacity of
machines, construction systems, structures and installations is often not
accompanied by the same increase in their reliability, and this can lead to large-scale
losses, such as, for example, during the Chernobyl disaster”. In the theory of
structures, an analogue of this concept is the principle of material concentration. The
limitations arising from this thesis of B.Ye. Paton were analyzed in [339].

CONCLUDING REMARKS

Above was a brief presentation of the 120-year history of studies on the
theory of structures performed by scientists of the Kyiv school. It not only
testifies to the serious contribution to the theory and practice of computational
analysis of building structures, but also makes it possible to talk about some
trends that determine the future development of this applied science.

Perhaps the main thing here is the conversion of all the tools of the theory of
structures into a numerical form of analysis, based on the development of
modern computing tools, the algorithmization of known and new approaches to
solving problems and the rigorous justification of these algorithms. The
development of effective implementations of the methods of numerical analysis,
especially when solving nonlinear problems of statics and dynamics, is of great
impotance as well.

The entire history of the development of structural mechanics [11, 34, 45]
shows that one of the main paradigms is the desire for an increasingly detailed
analysis of the behavior of structures and the use of detailed calculation
schemes. The calculation models of modern structures contain thousands or
even tens of thousands of elements, and this fact does not serve as an obstacle to
their analysis when calculations are performed using computers. The problem is
not the ability to perform the calculation, but the ability to analyze its results.
Orientation to a detailed stress analysis leads to a paradoxical situation when the
description of the analysis results becomes more difficult to comprehend. And
here an important scientific problem emerges, consisting in the need to develope
generalized characteristics of the stress state, allowing us to consider the
features of the "behavior of the system as a whole."

The logic of the theory of structures development was aimed at taking into
account factors that more accurately determine the stress and strain state. And as
one of the urgent areas of research, the problem of taking into account the
nonlinear behavior of the structural complex has been advanced. The
complexity of non-linear analysis is due to the fact that one has to abandon a
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number of assumptions of classical structural mechanics and cannot use many
familiar principles and theorems (the principle of independence of the action of
forces, the theorem on reciprocity of displacements, etc.). These difficulties are
not completely overcome at present. We can only say with certainty that the
implementation of non-linear analysis with sufficient completeness and
accuracy for practice is impossible without the use of computers, so methods
adapted for computers are of paramount importance.

"The challenge of computerization" was adequately received by the Kyiv school
of the theory of structures. Here was the computer capital of the construction
industry, and the LIRA and SCAD software systems created and developed in Kyiv
were and remain the main toolkit of construction designers in all CIS countries.

REFERENCES

1. Amiro I.Ya., Demertseva M.F., Zarutsky V.A. et al. Experimental study of bearing capacity of
conical shells with large cutouts. Strength of Materials and Theory of Structures [in Russian].
No. XXIII, Budivelnyk, — Kyiv, 1974. — P. 47-52.

2. Amiro L.Ya., Grachev O.A., Zarutsky V.A., Palchevsky A.S., Sannikov Yu.A. Stability of
ribbed shells of revolution [in Russian], Naukova Dumka, — Kyiv, 1987. — 160 p.

3. Amiro L.Ya., Zarutsky V.A., Matsner V.I. On the effect of eccentricity of ribs on the stability
of cylindrical shells loaded with axial compressive forces and internal pressure. Structural
Mechanics and Analysis of Constructions, [in Russian]. 1975, Nel — P. 25-27.

4. Amiro 1.Ya., Zarutsky V.A., Polyakov P.P. Ribbed cylindrical shells [in Russian], Naukova
Dumka, — Kyiv, 1973. — 248 p.

5. Artemenko V.V. To the issue of determining the minimum width of a tape in symmetric
systems of linear algebraic equations. Computers in research and design of construction
objects [in Russian]. Budivelnyk, — Kyiv, 1973 — P. 29-32.

6.  Artemenko V.V., Gordeev V.N. The program for calculating the calculated combinations of
efforts with a complex logical relationship between the loads [in Russian]. Computational and
organizational equipment in building design, 1967, No. 2. — P. 10-14.

7.  Barashikov A.Ya. Calculation of reinforced concrete structures for the action of long variable
loads [in Russian]. — Kyiv, Budivelnylk, 1974 — 142 p.

8.  Barashikov A.Ya., Sirota M.D. Reliability of buildings and structures. — Kyiv, UMK VO,
1993.-212p.

9.  Barishpolsky B.M. On the numerical solution of problems of the theory of elasticity based on
the polarization-optical method. Strength of Materials and Theory of Structures [in Russian].
No. XXV. — Kyiv, Budivelnylk, 1975. — P. 103-110.

10. Bazhenov V., Krivenko O. Buckling and Natural Vibrations of Thin Elastic Inhomogeneous
Shells. — LAP LAMBERT Academic Publishing. Saarbruken, Deutscland, 2018. — 97 p.

11. Bazhenov V., Perelmuter A., Vorona Y. Structural mechanics and theory of structures. History
essays. - LAP LAMBERT Academic Publishing. Beau Bassin, Mauritius, 2017. — 579 p.

12. Bazhenov V.A., Busetta M., Dekhtyaryuk E.S, Otrashevskaya VV Stability of dynamic
systems at periodically non-stationary parametric loading. Strength of Materials and Theory of
Structures [in Ukrainian]. No. 71, 2002. — P. 21-29.

13. Bazhenov V.A., Busetta M., Dekhtyaryuk Ye.S., Otrashevskaya V.V. Dynamic stability of
elastic systems under stochastic parametric excitation. Strength of Materials and Theory of
Structures [in Ukrainian]. No. 67, 2000. — P. 51-59.

14. Bazhenov V.A., Dekhtyaryuk E.S. Probabilistic methods in calculation of constructions.
Random vibrations of elastic systems [in Ukrainian]. — Kyiv, KNUBA, 2005. — 420 p.

15. Bazhenov V.A., Dekhtyaryuk E.S., Katsapchuk A.M. Search for optimal parameters of the
pendulum damper of high-rise buildings under the influence of wind random pulsating.
Strength of Materials and Theory of Structures [in Ukrainian]. No. 67. — Kyiv, KNUBA, 2000.
—P. 19-25.



64

ISSN 2410-2547
Omip MatepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2020. Ne 104

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Bazhenov V.A., Gaydaychuk V.V., Gotsulyak G.A., Gulyaev V.. Stability of a ring
unilaterally connected with an elastic medium. Structural Mechanics and Analysis of
Constructions [in Russian], 1980, Nel — P. 43-45.

Bazhenov V.A., Genduzen A., Katsapchuk A.M. Numerical technique for optimizing the
parameters of non-linear vibration dampers. Strength of Materials and Theory of Structures [in
Russian]. No. 66.—1999. — P. 29-34.

Bazhenov V.A., Gotsuliak E.A., Kondakov G.S., Ogloblia A.I. Stability and oscillations of
deformed systems with unilateral constraints [in Russian]. — Kyiv, Vyshcha shkola, 1989. —399 p.
Bazhenov V.A., Gotsuliak E.A., Ogloblia A.I, Dinkevich Yu.L., Gerashchenko O.V.
Calculation of composite structures taking into account delaminations [in Russian]. — Kyiv,
Budivelnylk, 1992. - 136 p.

Bazhenov V.A., Guliaev V.I., Koshkin V.L., Shinkar Yu.A. Optimizing the shells of
revolution with restrictions on strength. Structural Mechanics and Analysis of Constructions
[in Russian]. 1988, Ne6. — P. 1-5.

Bazhenov V.A., Guliar A.I. Semi-analytical finite element method in problems of nonlinear
continuum mechanics. Advances in Mechanics [in Russian]. In six volumes / ed. A.N. Guz. —
V.4.-2008.—P.221-257.

Bazhenov V.A., Guliar A.IL, Kozak A.L., Rutkovsky V.A., Sakharov A.S. Numerical modeling
of the destruction of reinforced concrete structures using the finite element method [in
Russian]. Naukova Dumka, — Kyiv, 1996. — 360 p.

Bazhenov V.A., Guliar A.L, Ovsyannikov A.S., Topor O.G. Determination of dynamic
characteristics of inhomogeneous bodies of rotation taking into account previous stresses.
Strength of Materials and Theory of Structures [in Ukrainian]. 2000. — No. 68. — P. 25-36.
Bazhenov V.A., Guliar AL, Sakharov A.S., Topor A.G. Seminanalytic finite element method
in the mechanics of deformable bodies [in Russian]. — Kyiv. NII SM, 1993. — 376 p.

Bazhenov V.A., Piskunov S.O., Solodey LI. Numerical study of the processes of nonlinear
static and dynamic deformation of spatial bodies. — Kyiv: Caravela, 2017. — 302 p.

Bazhenov V.A., Guliar A.L, Topor A.G., Solodey L.I. The development of SAFEM as applied
to the problems of statics and dynamics of bodies of revolution under non-axisymmetric loads.
Applied mechanics [in Russian]. Ne 1, 1998. — P. 3-12.

Bazhenov V.A., Guliar O.1., Pyskunov S.O., Sakharov O.S. Semi-analytical finite element
method in problems of fractures of spatial bodies [in Ukrainian]. — Kyiv, Vipol, 2005. — 298 p.
Bazhenov V.A., Guliar O.1., Pyskunov S.O., Sakharov O.S. Semi-analytical finite element
method in problems of continuum fractures of spatial bodies [in Ukrainian]. — Kyiv, Caravela,
2014.-236 p.

Bazhenov V.A., Guliar O.1., Sakharov O.S., Solodey I.I. Semi-analytical finite element method in
problems of dynamics of spatial bodies [in Ukrainian]. — Kyiv, Picha Yu.V. Press, 2012. — 248 p.
Bazhenov V.A., Krivenko O.P., Solovey M.O. Nonlinear deformation and stability of elastic
shells of inhomogeneous structure [in Ukrainian]. — Kyiv, Vipol, 2010. — 316 p.

Bazhenov V.A., Lizunov P.P., Nemchinov Yu.l., Perelmuter A.V., Fialko S. Yu. Investigation
of the effect of asynchronous seismic vibrations of arch roof supports on the dynamic
response. Earthquake-resistant construction. Safety of structures [in Russian]. VNIINTPI, CD
ROM, 2005.

Bazhenov V.A., Ogloblia A.I. Investigation of nonlinear deformation and stability of shells of
underground pipelines. Structural Mechanics and Analysis of Constructions [in Russian].
1984, Ned. — P. 30-32.

Bazhenov V.A., Ogloblia A.IL, Gerashchenko O.V. Theory and calculation of three-layer
structures containing delaminatings [in Russian]. Naukova Dumka, — Kyiv, 1997. — 248 p.
Bazhenov V.A., Perelmuter A.V., Vorona Yu.V. Structural mechanics and theory of structures.
History essays [in Ukrainian]. — Kyiv: Caravela, 2016, 580 p.

Bazhenov V.A., Pogorelova O.S., Postnikova T.G. Application of the continuation parameter
method to the analysis of the dynamic behaviour of the vibroimpact system. Strength of
Materials and Theory of Structures [in Ukrainian]. 2012. Ne 90. — P. 18-31.

Bazhenov V.A., Pyskunov S.O., Solodei I.I. Continium mechanics: semi-analytical finite
element method — Cambridge Scientific Publisher, 2019. — 236 p.

Bazhenov V.A., Sakharov A.S., Gondliakh A.V., Melnikov S.L. Nonlinear problems of



ISSN 2410-2547 65
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2020. Ne 104

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

multilayer shell mechanics [in Russian]. — Kyiv, NDIBM, 1994. — 264 p.

Bazhenov V.A., Sakharov A.S., Tsykhanovsky V.K. Moment scheme of the finite element
method in problems of nonlinear mechanics of a continuous medium. Applied Mechanics [in
Russian]. Vol. 38, Ne6. —2002. — P. 24-63.

Bazhenov V.A., Sakharov A.S., Tsykhanovsky V.K. Moment scheme of the finite element
method in problems of nonlinear mechanics of a continuous medium [in Russian]. Advances
in Mechanics. In six volumes/ ed. A.N. Guz. — Vol. 3. —2007. — P. 335-372.

Bazhenov V.A., Slobodian Ya.O. Automation of optimal design of spatial systems of
buildings. Strength of Materials and Theory of Structures [in Ukrainian]. Ne75, 2004. — P. 96-
101.

Bazhenov V.A., Solovei N.A. Nonlinear deformation and buckling of elastic inhomogeneous
shells under thermomecanical loads // International Applied Mechanics, 2009. — Vol. 45. — N
9.—P.923-953.

Bazhenov V.A., Solovei N.A. Nonlinear deformation and stability of elastic inhomogeneous
shells under thermopower loads [in Russian]. Advances in Mechanics. In six volumes / ed.
AN. Guz.— Vol. 6 (2),2012. - P. 609-645.

Bazhenov V.A., Tsikhanovsky V.K., Kislooky V.M. Finite element method in nonlinear
deformation problems of thin and soft shells [in Ukrainian]. — Kyiv, KNUCA, 2009. — 386 p.
Bazhenov V.A., Tsykhanovsky V.K., Nemchinov Yu.l., Bambura A.N. Numerical modeling of
forming problems of large-span arch vaults [in Russian]. Scientific and technical collection
"Problems of Chernobyl". No.10. Part 1. — Chernobyl: 2002. — P. 478-483.

Bazhenov V.A., Vorona Yu.V., Perelmuter A.V., Otrashevskaya V.V. Variational principles of
structural mechanics. History essays [in Ukrainian]. — Kyiv: Caravela, 2018. — 924 p.

Belous A.A. Natural and forced oscillations of frames [in Ukrainian]. — Kyiv: Publishing
house of the Ukr.SSR Academy of Sciences, 1939. - 112 p.

Berdichevsky M.M., Gordeev V.N. On the selection of cross-section compression and tension
members in optimal design of trusses. Works on metal structures [in Russian]. — No.16. —
Moscow: Stroiizdat, 1966. — P. 47-52.

Bescenny Yu.G., Dekhtyaryuk E.S., Pogorelova O.S., Sinyavsky A.L. Strength Test Statistical
Processing. Strength of Materials and Theory of Structures [in Russian], No.37. — Kyiv,
Budivelnylk, 1980. — P. 76-80.

Bilyk S.I. Determination of optimal geometric parameters of the frame with vertical struts
around the functional volume of the building [in Ukrainian]. Donbass State Academy of Civil
Engineering and Architecture . Bulletin "Building constructions, buildings and structures."
Issue.2 (39), V.2, 2003. — Makyivka, 2003. — P. 170-174.

Bilyk S.I. Determination of the effective length of steel columns of smooth-variable cross
section [in Russian]. — Kyiv: KCEI, 1985. - 19 p.

Blagoveshchensky Yu.V., Vainberg D.V. On the problem of the action of the impact on beam [in
Russian], Collected works of the institute of structural mechanics of UkrSSR Academy of
Science, Nel2. — Kyiv: Publishing house of Ukr.SSR Academy of Sciences, 1950. — P. 220-227.
Borodyansky M.Ya. On the different modes of stability loss at the same critical strength [in
Russian]. Research on stability and strength. — Kyiv: Publishing House of the the Ukr.SSR
Academy of Sciences , 1956. — P. 154-162.

Borodyansky M.Ya. Stability of spatial cyclically symmetric frameworks Collected works of
the institute of structural mechanics of UkrSSR Academy of Science, Nel2. — Kyiv: Publishing
house of Ukr.SSR Academy of Sciences, 1952. — P. 18-35.

Boyko L.P., Sakharov O.S., Sakharov V.O. Interaction of multi-storey building structures
taking into account the viscous-plastic work of the soil mass under seismic loads [in
Ukrainian]. World of Geotechnics, Ne 1. — Zaporozhie: NDIBK, 2014. — P. 17-21.

Buryshkin M.L., Gordeev V.N. Efficient computer calculation methods and programs for
symmetrical structures. [in Russian]. — Kyiv, Budivelnyk, 1984. — 120 p.

Chibiryakov V.K. Numerical solution of problems of statics and dynamics of thick plates //
Numerical methods for solving problems of structural mechanics [in Russian]. — K.: KISI,
1978.—P. 153-157.

Chibiryakov V.K., Smolyar A.M. Theory of technical plates and shells [in Ukrainian]. —
Cherkasy: ChDTU, 2002. — 160 P.



66 ISSN 2410-2547
Omip MatepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2020. Ne 104
58. Chudnovsky V.G. About the calculation of ring-shaped cylindrical shells with ribs of great

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

stiffness [in Ukrainian]. — K.: Publ. Academy of Sciences of UkrSSR, 1936.— 68 p.
Chudnovsky V.G. Development and generalizationof the Bubnov’s problem [in Ukrainian].
Investigatins on the structural mechanics of engineering structures — K.: Publ. Academy of
Sciences of the UkrSSR, 1961 — P. 76-91.

Chudnovsky V.G. Eigen frequency of bars and frames and dynamic criteria of their stability [in
Ukrainian] . — K .: Academy of Sciences of the Ukrainian Soviet Socialist Republic, 1939.— 72 p.
Chudnovsky V.G. Free vibrations and stability of cyclically symmetric spatial frames.
Calculation of spatial structures. [in Russian]. No.Il. — M.: Stroyizdat, 1951 — P. 319-382.
Chudnovsky V.G. Methods for calculating oscillations and stability of bar systems [in Russian]. —
K.: Publishing House of the Academy of Sciences of the Ukrainian SSR, 1952.—416 p.
Chudnovsky V.G. The study of oscillations and stability of plates and plate systems by the
method of partitioning equations in partial derivatives [in Russian]. Calculation of spatial
structures. No.XI. — M .: Stroyizdat, 1967. —P. 171-230.

Chudnovsky V.G., Bednarsky B.A. The momentless theory of thin-walled ribbed shells under
the action of an arbitrary load. Calculation of spatial structures. No.VIII — M.: Stroyizdat,
1952.—P. 5-26.

Chudnovsky V.G., Rymar .M. Calculation of ribbed thin-walled domed roofs [in Russian].
Calculation of spatial structures. No.VII. — M.: Stroyizdat, 1962. — P. 5-37.

Chudnovsky, V. G. Calculation of frames stability by the method of forces // Collection
dedicated to the seventy-fifth anniversary of the birth and fifty years of scientific activity of
Evgeny Oskarovich Paton // — K.: Academy of Sciences of UkrSSR, 1946. — P. 341-355.
Dekhtiar A.S. On the optimal design of round shell-coatings. Strength of Materials and Theory
of Structures [in Russian]. No.24, 1974

Dekhtiar A.S. Optimal shell of revolution. Structural Mechanics and Analysis of
Constructions, 1975, No. 2. —P. 11-15.

Dekhtiar A.S. To designing of the least weight trusses / Structural Mechanics and Analysis of
Constructions. — 2018, No. 6 (281). —P. 2- 7.

Dekhtiar A.S. Towards optimal design of ribbed shells [in Russian]. Structural Mechanics and
Analysis of Constructions, 1981, No. 3. — P. 12-15.

Dekhtiar A.S., Kholmurzaev F.F. Optimal design of asymmetrical foundations-shells. Strength of
Materials and Theory of Structures [in Russian]. Budivelnyk, — Kyiv, 1994. —No. 61. — P. 3845.
Dekhtiar A.S., Kiselev V.B. Optimization of elastic shells based on polynomial computational
shell models. Strength of Materials and Theory of Structures [in Russian]. Budivelnyk, — Kyiv,
1985. —No. 46. — P. 79-73.

Dekhtiar A.S., Rasskazov A.O. Bearing capacity of thin-walled structures — K.: Budiwelnik,
1974.— 152 p.

Dekhtiar A.S., Sannikov I.V. Optimal reinforcement of e shell coatings. Structural Mechanics
and Analysis of Constructions, 1982, No. 1. — P. 9-13.

Dekhtiar A.S., Uzakov X. Least Weight Dome. [in Russian]. Prikladnaia Mekhanika, 1974.
No. 10, No. 6. — P.118-121.

Dekhtiar A.S., Yadgarov D.Ya. Form and bearing capacity of roof shells [in Russian].-
Tashkent: Ukituvchi, 1988. — 184 p.

Dekhtiariuk Ye.S., Geraimovich Yu.D. Use of Markov and Over Markov aproximations for
analysis of elastic systems dynamic stability. Strength of Materials and Theory of Structures
[in Ukrainian]. No. 71. — K.: KNUBA, 2002. — P. 30-46.

Dekhtiariuk Ye.S., Lumelsky E.D. Numerical construction of nonlinear dynamic models of
shallow shells and reservoirs. Strength of Materials and Theory of Structures [in Russian].
No.45. — Kyiv, Budivelnyk, 1984. — P. 5-9.

Dekhtiariuk Ye.S., Roitfarb I1.Z., Khimenko V.V. Application of the Monte Carlo method to
solving two-dimensional problems in the theory of elasticity Strength of Materials and Theory
of Structures [in Russian]. No. 23. — Kyiv, Budivelnyk, 1974.

Dekhtiariuk €.S., Goncharenko V.M. Analysis of the speed of spring systems in the zones of
simple and combined resonances with stochastic parametric navigation. Strength of Materials
and Theory of Structures [in Ukrainian]. No. 74 — K.: KNUBA, 2004. — P. 115-124.
Dekhtiariuk €.S., Lukianchenko O.0., Otrashevska V.V. Dynamic stability of elastic systems



ISSN 2410-2547 67
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2020. Ne 104

82.

83.

84.

85.

86.

87.

88.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

under combined stochastic loading. Strength of Materials and Theory of Structures [in
Ukrainian]. No. 72. — K.: KNUBA, 2003. — P. 20-27.

Dekhtiariuk €.S., Nemchinova L.Yu., Otrashevska V.V. The dependence of critical values of
the stochastic parametric loading intensity on the radius of the corelation. Strength of Materials
and Theory of Structures [in Ukrainian]. No. 76. — K.: KNUBA, 2006. — P. 72-83.

Demianiuk R.K. Statics of combined continuum-discrete systems. Strength of Materials and
Theory of Structures [in Russian]. No.XII — Kyiv, Budivelnyk, 1970. — P. 128-133.
Diatlovitsky L.I. Stresses in gravitational dams on a non-rocky base. — K.: Publishing House of
the Academy of Sciences of the Ukrainian SSR, 1969.

Diatlovitsky L.I., Rabinovich L.B. An elastic problem for bodies with a configuration that
changes during loading [in Russian]. Engineering Journal, 1962, Vol. 2, No. 2. — P. 287-297.
Diatlovitsky L.I., Vainberg A.l. Stress Formation in Gravity Dams [in Russian], Naukova
Dumka, — Kyiv, 1975. — 264 p.

Dinnik A.N. Impact and compression of elastic bodies [in Russian]. Bulletin of the Kyiv
Polytechnic Institute, 1909, book 4. — P. 253-371.

Dinnik A.N. The stability of arches [in Russian]. -M. — L.: OGIZ, Gostekhizdat, 1946.— 128 p.
Dlugach M.I. An experimental study of the stability of thin-walled bars reinforced with a
grating or slats [in Russian]. Proceedings of the Institute of Structural Mechanics of the
Academy of Sciences of the Ukrainian SSR No. 17. — K.: Publishing House of the Academy of
Sciences of the Ukrainian SSR, 1952. — P. 87-91.

Dlugach M.I. Calculation model of the grid method [in Ukrainian]. Prykladna Mekhanika,
1956, V. II. No.3.

Dlugach M.I. On the calculation of thin-walled bars reinforced with a grating or slats [in
Russian]. Calculation of spatial structures. No.1. — M.: Mashstroyizdat, 1950. — P. 163-174.
Dlugach M.I. On the joint work of bridge trusses and transverse beams [in Russian].
Calculation of spatial structures. No.VII. — M.: Gosstoyizdat, 1955. — P. 137-160.

Dlugach M.I. The grid method in the mixed plane problem of the theory of elasticity [in
Russian], Naukova Dumka, — Kyiv, 1964. — 260 p.

Dlugach M.I. To the construction of systems of finite difference equations for the calculation
of plates and shells [in Russian]. Prikladnaia Mekhanika, Vol. 8, No. 1, 1974.

Dlugach M.I., Shinkar A.I. Application of computers to the calculation of multiply connected
regions and shells with holes [in Russian]. Theory of plates and shells, K.: 1962.

Dmitriev L.G. Elements of kinematic analysis of instantly rigid systems [in Russian]. In the
book: Computers in research and design of construction projects — Kyiv: Budivelnik, 1972. —
P. 66-71.

Dmitriev L.G. Elements of the structural mechanics of cable-stayed roofs [in Russian].
Computers in research and design of construction objects, VIP IV — K.: KyivZNIIEP, 1974 —
P.37-57.

Dmitriev L.G. Possible computational bar models of some continuous systems [in Russian].
Electronic computers in structural mechanics — M.-L.: Stroyizdat, 1966. — P. 175-181.
Dmitriev L.G., Kasilov A.V. Cable-stayed roofs. Calculation and design [in Russian]. — K.:
Budivelnyk, 1974. — 272 p.

Dmitriev L.G., Sosis P.M. Programming of calculations of spatial structures [in Russian]. — K.:
Gosstroyizdat of the Ukrainian SSR, 1963. —226. p.

Dmytiriev L.G. To the calculation of cable-stayed roofs [in Ukrainian]. News of the Academy
of Construction and Architecture of the URSR, 1961, No. 2.

Dubinsky A.M. Calculation of the bearing capacity of reinforced concrete slabs[in Russian]. —
K.: Gosstroyizdat of the Ukrainian SSR, 1961. — 160 p.

Dykhovichny A. A., Grishchenko I. V. To the calculation of statically indeterminable bar
reinforced concrete structures [in Russian]. Concrete and reinforced concrete, 1970, No. 3. — P.
40-42.

Dykhovichny A.A. Statically indeterminate reinforced concrete structures. — K.: Budivelnyk,
1978.—108 p.

Dykhovichny A.A. The adequacy of design models [in Russian]. Reliability and durability of
machines and structures, 1988. No.14. — P. 32-36.

Dykhovichny A.A., Kretov V.I., Vishnevetsky A.I. Methods for constructing computational



68

ISSN 2410-2547
Omip MatepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2020. Ne 104

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

models equivalent to physical models of building structures. Strength of Materials and Theory
of Structures [in Russian]. No0.48. — Kyiv, Budivelnyk, 1986. — P. 86-89.

Dykhovichny A.A., Zhemchuzhnikova L.G., Zyma P. G., Vishnevetsky A.l. Correspondence
of design models of building structures to experimental data [in Russian]. Reliability and
durability of machines and structures, 1984. No.6. — P. 86-90.

Evzerov 1.D. FEM convergence in the case of basis functions that do not belong to the energy
space. Calculations with sparse matrices. Novosibirsk: Siberian Branch Computing Center of
the Academy of Sciences of the USSR, 1981. — P. 54-61.

Evzerov 1.D. Estimates of the error in displacements when using nonconforming finite elements
[in Russian]. Numerical methods of continuum mechanics, 1983, v. 14, No. 5. P. 24-31.

Evzerov I.D. Non-comforming finite elements in eigenvalue problems [in Russian]. Numerical
Methods of Continuum Mechanics, 1984, vol. 15, No. 5. — P. 84-90.

Evzerov 1.D., Zdorenko V.P. Convergence of flat finite elements of a thin shell [in Russian].
Structural Mechanics and Analysis of Constructions, 1984, No. 1 — P. 35-39.

Evzerov 1.D., Zdorenko V.P. Convergence of rectilinear finite elements in the calculation of
curved bars. Strength of Materials and Theory of Structures [in Russian]. No.42. — Kyiv,
Budivelnyk, 1983. —P. 99-101.

Fialko S. Aggregation Multilevel Iterative Solver for Analysis of Large-Scale Finite Element
Problems of Structural Mechanics: Linear Statics and Natural Vibrations. LNCS 2328.— 663 p.
Fialko S. Iterative methods for solving large-scale problems of structural mechanics using
multi-core computers // Archives of civil and mechanical engineering (ACME), 2014, Vol. 14
—P. 190-203.

Fialko S. Parallel direct solver for solving systems of linear equations resulting from finite
element method on multi-core desktops and workstations // Computers and Mathematics with
Applications, 2015, Vol. 70. — P. 2968-2987.

Fialko S. PARFES: A method for solving finite element linear equations on multi-core
computers // Advances in Engineering software. Vol. 40, Ne12,2010. — P. 1256-1265.

Fialko S. Yu. Application of the finite element method to the analysis of the strength and
bearing capacity of thin-walled reinforced concrete structures taking into account physical
nonlinearity [in Russian]. — M.: SKAD Soft, ASV Publishing House, 2018. — 192 p.

Fialko S.Yu. Direct methods for solving systems of linear equations in modern FEM
complexes [in Russian]. SCAD SOFT Publishing House, Moscow, 2009. — 161 p.

Fialko S. Yu. Finite element for the elastic-plastic calculation of reinforced concrete flat
frames with rectangular bars // Structural Mechanics and Building Structures. — M.: SKAD
SOFT, 2013. — P. 416-438.

Fialko S. Yu. Four-node finite element for modeling the behaviour of reinforced concrete
structures [in Russian]. Journal of Civil Engineering, 2014, No. 5 (49) — P. 27-36.

Fialko S. High-performance aggregation element-by-element Ritz-gradient method for
structure dynamic response analysis, CAMES, 2000, 7. — P. 537-550.

Fialko S.Yu. The high-performance aggregation element-by-element iterative solver for the large-
scale complex shell structural problems, Archives of Civil Eng., 1999, XLV, 2, — P. 193-207.
Fialko Yu.l. The system of dynamic testing of mechanical objects. Strength of Materials and
Theory of Structures [in Russian], No.33. — Kyiv, Budivelnyk, 1978. — P. 86-89.

From Shelter to the Confinement of the fourth unit of the Chernobyl NPP. Construction
aspects / Yu.l. Nemchinov, P.I. Krivosheiev, M. V. Sidorenko et al. — K.: Logos, 2006. — 443 p.
Fuks G.D., Korneiev M.M. The South Bridge, — Kyiv, Ukraine [in Russian]. Journal of
Structurel Engineering, 1994, Vol.120, Issue 11.

Gavrilenko G.D.; Matzner V.I. Analytical method for determining the upper and lower critical
loads for elastic reinforced shells. [in Russian]. — Dnepropetrovsk: Barviks, 2007. — 185 p.
Gavrilenko G.D.; Trubitsina O.A. Oscillations and stability of ribbed shells of revolution. [in
Russian]. — Dnipropetrovsk: Barviks, 2008. — 155 p.

Gilman G.B. On a method for solving systems of linear equations with a tape matrix structure
[in Russian] Computers in research and design of construction objects. — Kyiv, Budivelnyk,
1973.—P. 37-42.

Gilman G.B., Shevchenko V.N. Automation of step selection when solving physically
nonlinear problems of mechanics by the step method [in Russian] // Automation of civil



ISSN 2410-2547 69
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2020. Ne 104

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

engineering design. — K.: 1982. — P. 23-33.

Glikin 1.D., Grechanovskaya D.T., Kozachevsky A.l. Optimal reinforcement of statically
indefinable reinforced concrete structures in the case of many loads, taking into account the
redistribution of forces [in Russian]. Structural Mechanics and Analysis of Constructions,
1972, No. 1.—P. 15-19.

Glikin 1.D., Kozachevsky A.I. Determination of load combinations during optimal design of
structures [in Russian]. Structural Mechanics and Analysis of Constructions, 1971, No. 1. — P.
4-7.

Glikin I.D., Kozachevsky A.I. Optimal design of statically indefinable elastic bar systems in
the case of many loads [in Russian]. Structural Mechanics and Analysis of Constructions,
1970, No. 4. — P. 21-24.

Glikin I.D., Kozachevsky A.L., Pekarsky A.L. Optimal reinforcement of reinforced concrete
structures as a building-base system [in Russian]. Structural Mechanics and Analysis of
Constructions, 1973, No. 1. — P. 52-55.

Goldenweiser A.L. Calculation of thin-walled shells and stiff diaphragms [in Ukrainian]. — K.:
VUAN Publishing House, 1935. — 38 p.

Golyshev A.B., Polishchuk V.P., Rudenko I.V. Calculation of reinforced concrete bar systems
taking into account the time factor. — K.: Budivelnik, 1984. — 128 p.

Goncharenko V.M. Application of Markov processes in the theory of shell stability [in
Russian]. Ukrainian Mathematical Journal, 1962, No. 2. — P. 198-202.

Goncharenko V.M. On the dynamic problems of the statistical theory of stability in structural
mechanics [in Russian] / Problems of stability in structural mechanics. — M.: Stroyizdat, 1965.
—P.210-216.

Goncharenko V.M. Panel snapping in the presence of random force effects [in Russian] //
Theory of shells of m plates. — Yerevan: Publishing House of the Academy of Sciences of the
ArmSSR, 1962. — P. 383-390.

Goncharenko V.M. The statistical method in the problem of pure bending of a cylindrical shell
[in Russian] // Proceedings of the conference on the theory of plates and shells. — Kazan:
Kazan State P. Univ., 1961. —P. 130-133.

Goncharenko V.M. To the determination of the probability of shell stability loss [in Russian]
Bulletin of the USSR Academy of Sciences. Mechanics and Mechanical Engineering, 1962,
No. 1. —P. 157-158.

Gorbovets A.V., Evzerov 1D. Approximate schemes for stationary and non-stationary
problems with one-sided constraints [in Russian] Computational technologies, 2000, Vol. 5,
No. 6. — P. 33-35.

Gorbunov B.M. Additional stresses of ground bending in the belts of bridge connections from
the stiffness of the nodes under the influence of the tensile load [in Ukrainian]. — K.: 1932. —
24 p.

Gorbunov B.M. On an approximate method for investigating the stability of bars [in
Ukrainian]. — K.: VUAN, 1932. - 51 p.

Gorbunov B.M. On the graphic statics of motors [in Ukrainian] Journal of the industrial and
technical cycle of VUAN, Ne 1, 1931.

Gorbunov B.M., Umansky O.A. On mutual curves [in Ukrainian] Proceedings of the Institute
of Technical Mechanics of the VUAN, No. 2, 1926.

Gorbunov B.N. Analytical calculation of statically determinate spatial frame and bar systems
[in Russian]. Frames and Trusses. Spatial and flat. — M.: Gosstroyizdat, 1933. — P. 182-204.
Gorbunov B.N. Calculation of carriage frames from thin-walled profiles (approximate
methods) [in Russian]. — K.: AN UkrSSR, 1947.—139 p.

Gorbunov B.N. Calculation of spatial frames from thin-walled bars [in Russian] Applied
Mathematics and Mechanics, 1943. Volume 7. No.1.

Gorbunov B.N. Calculation of the overall stability of special through beams. The collection
devoted to the seventy-fifth anniversary of the birth and fifty years of scientific activity of
Evgeny Oskarovich Paton [in Russian]. — K.: AN UkrSSR, 1946. — P. 369-376.

Gorbunov B.N. Continuous welded beams and bridges [in Russian]. — M.-L.: Stroyizdat, 1941.
—140p.

Gorbunov B.N. Graphical construction of influence motors for statically determinate spatial



70

ISSN 2410-2547
Omip MatepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2020. Ne 104

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

systems [in Russian] // Studies in the theory of structures. No.III, Stroyizdat, 1939. — P. 3-16.
Gorbunov B.N. Strelbitskaya A.I. Strength calculation of thin-walled bar systems [in Russian]
Calculation of spatial structures. No.I. — M.: Mashstroyizdat, 1950. — P. 97-162.

Gorbunov B.N. The causes of cracks in welded wagons [in Russian] // Electric welding in car
building. — K.: Publishing house of the Academy of Sciences of the Ukrainian SSR, 1939. — P.
27-45.

Gorbunov B.N. To the issue of safety factor when calculating according to the theory of plastic
strains [in Russian]. Transactions of the conference on plastic strains. — M.-L.: Publishing
House of the USSR Academy of Sciences, 1938.

Gorbunov B.N., Chudnovsky V.G. Calculation of beams for oblique bending during plastic
deformations [in Russian]. Proceedings of the Kyiv Civil Engineering Institute, Vol II, 1935.
Gorbunov B.N., Krotov Yu.V. The basics of the calculation of spatial frames [in Russian]. —
M.: ONTI, 1936. — 140 p.

Gorbunov B.N., Strelbitskaya A.I. Approximate methods for calculating carriage frames from
thin-walled bars [in Russian]. — M.: Mashgiz, 1946. — 168 p.

Gorbunov B.N., Strelbitskaya A.I. Calculation of carriage frames from thin-walled profiles. [in
Russian]. — K.: Publishing House of the Academy of Sciences of the Ukrainian SSR, 1947. —
139 p.

Gorbunov B.N., Strelbitskaya A.I. Theory of frames from thin-walled bars [in Russian]. — M.-
L.: Gostekhizdat, 1948. — 158 p.

Gorbunov B.N., Umansky A.A. About the special prof. Major image method [in Russian]
Proceedings of the KPI and KSHI. No.1, 1924.

Gorbunov B.N., Umansky A.A. Statics of spatial systems [in Russian]. — M.: Stroyizdat, 1932.
— 158 p.

Gordeiev V.N. Search for Close-to-Optimal Structures Set // Spatial Structures: Heritage,
Present and Future. Proceeding of the IASS International Symposium, June 5-9, 1995. Milano,
Italia, Vol.1. — P. 47-54. SG Editoriali, Padova.

Gordeiev V.N., Dzhur Yu., Shimanovsky A.Determining disadvantageous combinations of
loads in analysis of linearly deformable systems // International Symposium on Theory, Design
and Realization of Shell and Spatial Structures, October 9-13, 2001, Nagoya, Japan.-
international Association for Shell and Spatial Structures, Architectural Institute of Japan, —
P. 38-39.

Gordeiev V.N., Grinberg M.L. The choice of optimal parameters of structural coatings [in
Russian]. Structural Mechanics and Analysis of Constructions, 1977, No. 3. — P. 12-18.
Gordeiev V., Shymanovska M. Analysis of spatial nets allowing for slippery ropes //
Proceedings of the International Symposium on Shell and Spatial Structures, — Bucharest,
Poiana Brasov (Romania), 2005, Vol 1. —P. 161-168.

Gordeiev V.H., Dinkevich P.Z., Perelmuter A.V. On the use of a complex basic system [in
Russian]. Structural Mechanics and Analysis of Constructions, 1975, No. 3. — P. 63-65.
Gordeiev V.M. Equations for the calculation of tissue shells [Ukrainian]. Prikladna
Mekhanika, 1962, v.8, Ne6. — P. 613-618.

Gordeiev V.M. To the calculation of grids [in Ukrainian]. Prikladna Mekhanika, Volume 9,
Ne5, 1963. — P. 570-572.

Gordeiev V.M., Perelmuter A.V. Equation of the force method for the calculation of cable-rod
systems. Strength of Materials and Theory of Structures [in Ukrainian]. No. IV — Kyiv,
Budivelnyk, 1966. —P. 113-126.

Gordeiev V.N. An algorithm for calculating systems with one-way redundant connections //
The use of electronic computers in structural mechanics [in Russian], Naukova Dumka, —
Kyiv, 1968.

Gordeiev V.N. Calculation of tensile roofs for some types of loads. Theory of plates and shells.
Proceedings of the 2nd All-Union Conference on the Theory of Shells and Plates. [in Russian].
— K.: Publishing House of the Academy of Sciences of the Ukrainian SSR, 1962.

Gordeiev V.N. On the behaviour of tissue shells under load [in Russian] Theory of plates and
shells. Proceedings of the 4th All-Union Conference on the Theory of Shells and Plates.
Yerevan: 1962. — P. 391-398.

Gordeiev V.N. The study of flat filament networks and fabric shells [in Russian]. — K.:



ISSN 2410-2547 71
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2020. Ne 104

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Ukrproektstalkonstruktsiya, 1963. — 204 p.

Gordeiev V.N. The study of many similar structures with parameters close to optimal [in
Russian]. Series VII, Design of metal structures. No.8 (55) .— M.: TSNIPIASS, 1974. — P. 12-
15.

Gordeiev V.N., Artemenko V.V., Minkovich E.I. The selection of adverse combinations of
loads as a solution to the problem of multicriteria optimization. Computational methods for
calculating and optimizing building structures. [in Russian]. — M.: TSNIISK im. Kucherenko,
1989. — P. 26-32.

Gordeiev V.N., Basenko V.I. Computer simulation of the elastic-plastic behaviour of
axisymmetric shells. Strength of Materials and Theory of Structures [in Russian]. No.XV. —
Kyiv, Budivelnylk, 1971.—P. 115-122.

Gordeiev V.N., Borisenko Yu.P. Automatic design of optimal steel crane beams [in Russian]
Industrial Construction and Engineering, 1971, No. 4. — P. 34-35.

Gordeiev V.N., Grinberg M.L., Kondra M.P. On the selection of optimal tower shapes [in
Russian] Structural Mechanics and Analysis of Constructions, 1969, No. 6. — P. 59-61.
Gordeiev V.N., Iliev K.N., Perelmuter A.V., Pritsker A.Ya. The study of the joint work of a
flat membrane flooring and a flexible side element. Structural Mechanics and Analysis of
Constructions, 1972, No. 3. — P. 50-54.

Gordeiev V.N., Mikitarenko M.A., Perelmuter A.V. On the calculation of a spiral multilayer
pressure vessel in the elastic-plastic stage. [in Russian]. Problems of Strength, 1979, No. 7. —
P.99-104.

Gordeiev V.N., Minkovich E.I. Construction of a system of finite elements with extreme
properties [in Russian]. Computational methods for solving problems of structural mechanics.
—K.: KIS, 1978. - P. 16-20.

Gordeiev V.N., Minkovich E.I. To assessing the quality of finite elements for calculating
elastic systems. [in Russian] Structural Mechanics and Analysis of Constructions, 1979, No. 5.
—P.27-32.

Gordeiev V.N., Perelmuter A.V. Calculation of elastic systems with unilateral constraints as a
quadratic programming problem [in Russian]. Studies in the theory of structures. No. XV. —
M.: Stroyizdat, 1967. — P. 208-212.

Gordeiev V.N., Shimanovskaya M.A. Statics of nonlinearly deformable cable-stayed systems
with slipping flexible filaments [in Russian]. Prikladnaia Mekhanika, 2006, V. 42, No. 5, — P.
79-87.

Gordeiev V.N., Shimanovskaya M.A. Using the concept of cable-staying cables to determine
the initial form of the cable-stayed network [in Russian]. Collection of scientific works of the
Ukrainian Institute of Steel Structures named after VN Szymanowski, No. 12. — K .: "Stahl",
2013.—P.43-57.

Gorodetsky A.S. Optimal attraction of external computer memory when solving equations
using the Gauss method. Strength of Materials and Theory of Structures [in Russian]. No.
XIX. — Kyiv, Budivelnyk, 1973. - P. 116-121.

Gorodetsky A.S., Evzerov 1.D. Computer models of constructions [in Russian]. — K.: Fact,
2007. -394 p.

Gorodetsky A.S., Evzerov 1.D., Strelets-Streletsky E.B., Bogovis V.E., Genzersky Yu.V.,
Gorodetsky D.A. Finite element method. Theory and numerical implementation [in Russian]. —
K.: Fact, 1997. — 140 p.

Gorodetsky A.S., Zavornitsky V.I., Lantukh-Lyashchenko A.IL, Rasskazov A.O. The finite
element method in the design of transport facilities [in Russian]. — M.: Transport, 1981.— 143 p.
Gorodetsky A.S., Zavornitsky V.I., Rasskazov A.A., Lantukh-Lyashchenko A.I. The finite
element method in the design of transport facilities [in Russian]. — M.: Transport, 1981.— 142 p.
Gorodetsky A.S., Zdorenko V.P. Calculation of reinforced concrete beam walls, taking into
account the formation of cracks by the finite element method. Strength of Materials and
Theory of Structures [in Russian]. No.27. — Kyiv, Budivelnyk, 1975. — P. 59-66.

Gotsuliak E.A. The choice of basis in the reduction method for solving nonlinear shell stability
problems. Strength of Materials and Theory of Structures [in Russian]. No.47. — Kyiv,
Budivelnyk, 1985. — P. 16-21.

Gotsuliak E.A., Barvinko A.Yu., Lukianchenko O.0., Kostina O.V., Shah V.V. Estimation of



72

ISSN 2410-2547
Omip MatepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2020. Ne 104

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

the inflow of the cobs of imperfections of the cylindrical shells of the reservoirs at the third
stage with a lateral vice. Strength of Materials and Theory of Structures [in Ukrainian]. No. 82.
— Kyiv, Budivelnyk, 2008. — P. 48-54.

Gotsuliak E.A., Gulyaev V.I., Pemsing K., Chernyshenko I.P. Numerical studies of the stress
state of thin shells with curved holes [in Russian] Prikladnaia Mekhanika. — 1982. — V. 18. -
No. 8. —P. 70-88.

Gotsuliak EA, Pemsing K. On taking into account rigid displacements in solving shell theory
problems by the finite difference method [in Russian]. Computational methods for solving
problems of structural mechanics. — Kyiv: Publ. KCEI., 1978. — P. 93-98.

Grigorenko Y.M. Isotropic and anisotropic layered shells of revolution of variable stiffness. -
[in Russian], Naukova Dumka, — Kyiv, 1973. — 288 p.

Grigorenko Y.M. Recurrence relations for logarithmic solutions in the problem of bending
round plates [in Russian] Prikladnaia Mekhanika, 1957, v. 3, No. 4

Grigorenko Y.M. Vasilenko A.T. Methods for calculating shells. T.4. The theory of shells of
variable stiffness -[in Russian], Naukova Dumka, — Kyiv, 1981. — 544 p.

Grigorenko Y.M., Kryukov N.N. Numerical solution of static problems of flexible layered
shells with variable parameters -[in Russian], Naukova Dumka, — Kyiv, 1988. — 261 p.
Grigorenko Y.M., Latsannak R.P. Bending of a circular plate of linearly variable thickness under
the action of antisymmetric loading[in Russian] Prikladnaia Mekhanika, 1965, v. 1, No. 7.
Grigorenko Y.M., Mukoed A.P. The solution of nonlinear problems of shell theory on a
computer [in Russian]. — Kyiv, Vyshcha shkola, 1983. — 286 p.

Grigorenko Y.M., Vasilenko A.T., Bespalova E.I. et al. Numerical solution of boundary value
problems of the statics of orthotropic shells with variable parameters .- [in Russian], Naukova
Dumka, — Kyiv, 1975. - 183 p.

Grigorenko Y.M., Vlaikov G.G., Grigorenko A.Ya. Numerical and analytical solution of
problems of shell mechanics based on various models [in Russian] — K.: Akademperiodika,
2006.—472 p.

Grigorenko Ya.M., Savula Ya.G., Mukha L.P. Linear and nonlinear problems of elastic
deformation of shells of complex shape and methods for their numerical solution [in Russian]
Prikladnaia Mekhanika. —2000. V. 36, No. 8. — P. 3-27.

Grigorenko Ya.M., Zakhariychenko L.I. Study of the influence of changes in the frequency
and amplitude of the corrugation of cylindrical shells on their stress-strain state [in Russian]
Prikladnaia Mekhanika. —2003. V. 39, No. 12. — P. 78-85.

Grinchenko V.T. Equilibrium and steady-state oscillations of elastic bodies of finite
dimensions -[in Russian], Naukova Dumka, — Kyiv, 1978. — 264 p.

Guliaiev V.I. The influence of the shape of the spiral shell on its stress state. Strength of Materials
and Theory of Structures [in Russian]. No.XVI. — Kyiv, Budivelnyk, 1972.—P. 6-10.

Guliaiev V.I., Bazhenov V.A., Gotsuliak E.A. Stability of nonlinear mechanical systems [in
Russian]. — Lviv: Vishcha shkola, 1982. — 255 p.

Guliaiev V.I., Bazhenov V.A., Gotsuliak E.A., Dekhtiariuk E.S., Lizunov P.P. Stability of
periodic processes in nonlinear mechanical systems [in Russian]. — Lviv: Vishcha shkola,
1983.—288 p.

Guliaiev V.I., Bazhenov V.A., Gotsuliak E.A., Gaidaichuk V.V. Calculation of shells of
complex shape [in Russian]. — K.: Budivelnyk, 1990. — 190 p.

Guliaiev V.I., Bazhenov V.A., Koshkin V.L. Optimization methods in structural mechanics [in
Russian]. — K.: UMKVO, 1988. - 192 p.

Guliaiev V.1, Bazhenov V.A., Lizunov P.P. Non-classical theory of shells and its application
to the solution of engineering problems [in Russian]. — Lviv: Vishcha shkola, 1976.— 190 p.
Guliaiev V.I., Bazhenov V.A., Popov P. L. Applied problems of the theory of nonlinear
oscillations of mechanical systems [in Russian]. — M.: Visshaja Shkola, 1989. — 383 p.
Guliaiev V.I., Gaidachuk V.V., Koshkin V.L. Elastic deformation, stability and vibrations of
flexible curved bars [in Russian], Naukova Dumka, — Kyiv, 1992. — 344 p.

Guliaiev V.1, Glazunov P.N., Glushakova O.V., Vashchilina E.V., Shevchuk L.V. Modeling
of abnormal situations when drilling deep wells [in Russian] — K.: Euston, 2017. — 543 p.
Guliaiev V.1, Lizunov P.P. Oscillations of systems of rigid and deformable bodies during
complex motion [in Russian]. — Kyiv, Vyshcha shkola, 1989. — 199 p.



ISSN 2410-2547 73
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2020. Ne 104

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

Guliaiev V.I., Lugovoi P.Z., Belova M.A., Soloviev I. L. Stability of the rectilinear
equilibrium form of rotating drillstrings [in Russian]. Prikladnaia Mekhanika, 2006, v. 42, No.
6.—P. 101-109.

Guliaiev V.1., Soloviev I.L., Khudoliy P. N. Precessional vibrations of a two-bladed rotor with
an elastic weightless shaft with complex rotation [in Russian]. Problemy prochnosti, 2002, No.
2.—P.73-81.

Guliar A.I. On a method for calculating spatial structures based on a generalization of the semi-
analytical version of the FEM for closed non-circular finite elements Strength of Materials and
Theory of Structures [in Russian]. — Kyiv, Budivelnyk, 1984. —No. 44. — P. 44-46.

Guliar A.L, Ilchenko E.N., Shalygin P. A. Numerical estimation of the convergence of
traditional and semi-analytical versions of the FEM in the calculation of cyclically symmetric
bodies Strength of Materials and Theory of Structures [in Russian]. — Kyiv, Budivelnyk, 1989.
—No. 54, - P. 12-16.

Guliar A.L, Karkhalev V.N., Sakharov A.S. Algorithm for solving problems of nonlinear
deformation of bodies of revolution under non-axisymmetric loading Strength of Materials and
Theory of Structures [in Russian]. — Kyiv, Budivelnyk, 1982, — No. 41, — P. 30-34.

Guliar AL, Le Chun Kyong Application of the semi-analytical finite element method to the
solution of the problem of elastic and elastoplastic equilibrium of prismatic bodies. Strength of
Materials and Theory of Structures [in Russian]. — Kyiv, Budivelnyk, 1985. — No. 46. — P. 64-69.
Guliar AL, Le Chun Kyong. Development of a semi-analytical finite element method for
calculating prismatic bodies with arbitrary boundary conditions Strength of Materials and
Theory of Structures [in Russian]. — Kyiv, Budivelnyk, 1986. — No. 49. — P. 26-28.

Guliar A.I., Mayboroda E.E., Sakharov A.S. The study of the elastic equilibrium of curved
prismatic bodies. [in Russian]. “Issues of dynamics and strength”, 6.50, “Zinatne”, — Riga,
1988. — P. 45-49.

Guliar A.L., Sakharov A.S., Stepashko V.I. Application of the semi-analytical finite element
method to solving spatial problems of fracture mechanics of axisymmetric bodies [in Russian].
“Problemy prochnosti”, — Kyiv, 1986, No. 7. — P.78-82.

Guliar A.l., Topor A.G., Ovsiannikov A.P. Determination of dynamic characteristics of
inhomogeneous bodies of revolution of SAFEM. Strength of Materials and Theory of
Structures [in Russian]. — Kyiv, Budivelnyk, 1997. —No. 63, — P.96-103.

Guz AN. Fundamentals of the three-dimensional theory of stability of deformable bodies [in
Russian] — Kyiv, Vyshcha shkola, 1986, — 512 p.

Guz A.N. Stability of three-dimensional deformable bodies -[in Russian], Naukova Dumka, —
Kyiv, 1973.-272 p.

Guz AN., Zarutsky V.A., Amiro I.Ya. et al. Experimental studies of thin-walled structures -[in
Russian], Naukova Dumka, — Kyiv, 1984. — 240 p.

Guz, A.N. Fundamentals of the Three-Dimensional Theory of Stability of Deformable Bodies
Berlin, Heidelberg: Springer-Verlag, 1999. — 557 p.

Hoorpah Wasoodev., Perelmutter Anatoly V. The steel arch structure for Tchernobyl NSC —
Comparative calculation with EC and Ukrainian standards // Proceedings of 6-th European
Conference on Steel and Composite Structures. EUROSTEEL 2011, August 31 - September 2,
2011, — Budapest, Hungary.

Ilchenko E.N., Sakharov A.S. On the solution of large systems of equations for plates and
shells. Strength of Materials and Theory of Structures [in Russian]. No. XVI. — Kyiv,
Budivelnyk, 1972. — P. 258-263.

Isakhanov G.V., Lumelsky E.D., Melnik-Melnikov P.G., Katsapchuk A.N. Monte Carlo
analysis of non-stationary random oscillations of nonlinear systems Strength of Materials and
Theory of Structures. No.55. — Kyiv, Budivelnyk, 1989. — P. 3-6.

Isakhanov G.V., Melnik-Melnikov P.G., Katsapchuk A.N. Investigation of unsteady random
vibrations of a cylindrical panel in a geometrically nonlinear formulation Strength of Materials
and Theory of Structures. No.57. — Kyiv, Budivelnyk, 1990. — P. 104-108.

Isakhanov G.V., Melnik-Melnikov P.G., Katsapchuk A.N. Numerical technique for studying
unsteady random vibrations of plates and shells. Strength of Materials and Theory of
Structures [in Russian]. No0.60. — Kyiv, Budivelnyk, 1992. —P. 91-99.

Ischenko 1.G., Ankyanets K.I., Fialko S.Yu., Skuratovsky M.N., Ankyanets N.Yu. Modeling



74

ISSN 2410-2547
Omip MatepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2020. Ne 104

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.
247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

the stress-strain state of building structures of the 4th Chernobyl nuclear power plant during a
beyond design basis accident // Scientific and Technical Collection “Problems of the
Chernobyl Exclusion Zone”. No.6. — K.: Ministry of Emergencies, 1998. — P. 51-58.
Ivanchenko G.M., Golub O.0. Modeling of tornado load on large structures [in Ukrainian].
Strength of Materials and Theory of Structures. No. 75. — Kyiv, Budivelnyk, 2004 — P. 57-60.
Ivanchenko G.M., Golub O.0O. Relationship between kinematic parameters of tornado and
pressure on horizontal surface [in Ukrainian]. Strength of Materials and Theory of Structures.
No. 78. — Kyiv, Budivelnyk, 2006. — P. 77-81.

Kalinina L.G., Perelmuter A.V. On the question of optimal design of structures // Spatial
structures in the Krasnoyarsk Territory. — Krasnoyarsk: KPI, 1985. —P. 100-108.

Karpilovsky V.S. Triangular 6-node finite element // Izvestiya vuzov. Construction and
Architecture, 1989, N 4. — P. 35-39.

Kasilov A.V. Spatial constructions of public building roofs. — K.: Znanie, 1982.— 19 p.
Kilchevsky M.O. Approximate methods for determining displacements in cylindrical shells [in
Ukrainian]. Proceedings of the Institute of Mathematics of the USSR Academy of Sciences,
1947, Ne3. — P. 97-110.

Kilchevsky N.A. Dynamic contact compression of solids. Impact interaction [in Russian]. —
Kyiv, Naukova Dumka, 1976.

Kilchevsky N.A. Fundamentals of analytical mechanics of shells- [in Russian], Naukova
Dumka, — Kyiv, 1964. — 499 p.

Kilchevsky N.A. Generalization of the modern theory of shells [in Russian]. Applied
mathematics and mechanics, 1939, v.2. No. 4 — P. 427-438.

Kilchevsky N.A. Theory of collisions of solids. — M.-L.: Gostekhizdat, 1949. — 254 p.
Kilchevsky N.A., Izdebskaya G.A., Kisilevskaya L.M. Lectures on the analytical mechanics of
shells. — Kyiv: Vishcha shkola, 1974. — 232 P.

Kilchevsky N.A. Basic equations of equilibrium of elastic shells and methods of their
integration [in Ukrainian]. Proceedings of the Institute of Mathematics of the UkrSSR
Academy of Sciences, 1940, N 4, 5, 6.

Kirichevsky V.V. The finite element method in the mechanics of elastomers [in Russian]. — K.:
Naukova Dumka, 2002. — 655 p.

Kirichevsky V.V., Dohnniak B.M., Kozub Yu.G. The finite element method in the mechanics
of the destruction of elastomers [in Russian]. — Kyiv: Naukova Dumka, 1998. — 200 p.
Kirichevsky V.V., Sakharov A.S. The finite element method in the study of large deformations
of nonlinear elastic bodies. Strength of Materials and Theory of Structures [in Russian]. No.24.
— Kyiv, Budivelnyk, 1974. — P. 132-141.

Kirpichov V.L. A new method of graphical calculation of dome and other spatial trusses, given
by Professor Major -St. Petersburg: Schroeder typography, 1911. — 19 p.

Kirpichov V.L. A note on trellised trusses. — K.: Typolithographic partnership I.N. Kushnerev
and Co®°, 1899.— 15 p.

Kirpichov V.L. Redundant unknowns in structural mechanics. Calculation of statistically
indefinable systems. — K.: Tipogr. S.V. Kulzhenko, 1903. - 182 p.

Kirpichov V.L. Strength of materials. The doctrine of the strength of buildings and machines:
Part 1. Kharkov: Publishing House of Adolph Darre, 1898. — 323 p.; Part 2. — K.: Publishing
House of S.V. Kulzhenko, 1900. — 428 p.

Kirpichov V.L. The foundations of graphic statics: lecture course. — K.: Publishing House of
S.V. Kulzhenko, 1902. — 262 p.

Kislooky V.N. Algorithm for the numerical solution of problems of statics and dynamics of
nonlinear systems. Prikladnaia Mekhanika, 1966, V. 11. No.6. — P. 87-91.

Kislooky V.N. Statics and dynamics of nonlinear cable-stayed systems. Strength of Materials
and Theory of Structures [in Russian]. Iss. IX. — K.: Budivelnik, 1969. — P. 13-21.

Kislooky V.N., Kovalchuk N.V., Legostaev A.D., Solovey N.A. Investigation of the stability
of ribbed weakly conical shells with large holes in a geometrically nonlinear formulation.
Prikladnaia Mekhanika, 1984, V. 20, No. 11. - P. 55 -61.

Kislooky V.N., Legostaev A.D. Implementation of the finite element method in the study of
free vibrations of shells and plates. Strength of Materials and Theory of Structures [in
Russian]. No.24. — Kyiv, Budivelnyk, 1974 — P. 25-32.



ISSN 2410-2547 75
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2020. Ne 104

261.

262.

263.

264.

265.
266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.
282.

Kislooky V.N., Sakharov A.S., Solovei N.A. Moment scheme of the finite element method in
geometrically nonlinear Problemy prochnosti and stability of shells [in Russian]. Problemy
prochnosti, 1977, No. 7. — P. 25-32.

Kislooky V.N., Sinyavsky A.L. Nonlinear vibrations of gentle cable-stayed networks. Strength
of Materials and Theory of Structures [in Russian]. No. I. — K.: Budivelnik, 1965. — P. 93-104.
Kislooky V.N., Tsykhanovsky V.K., Shimanovsky A.V., Kasilova T.A. A comprehensive
algorithm for studying the stress-strain state of flexible hanging shells by the finite element
method. Strength of Materials and Theory of Structures [in Russian]. No.52. — Kyiv,
Budivelnyk, 1988. — P. 54-59.

Kobiev V.G., Sinyavsky O.L. Development of descent methods [in Ukrainian]. Strength of
Materials and Theory of Structures. Issue IV — Kyiv, Budivelnyk, 1966. — P. 3-13.

Koliakov M.1., Medvedev M.I. Metal frames of civil buildings. — K.: Budivelnik, 1976.— 132 p.
Kondra M.P., Kopiiko O.V., Mikitarenko M.A., Perelmuter A.V., Prusov V.A. Integral
Estimate of Risk under Wind Action upon Structures of the Encasement at Chernobyl Atomic
Power Plant // Proceeding of the 2nd European & African Conference on Wind Engineering.
Genova, Italy, June 22-26, 1997. — SGE Ditoriali, Padova, 1997. — Vol.2. — P. 1833—1839.
Korneiev M.M. Steel bridges. Theoretical and practical design guidelines [in Russian]. — K.:
Kyivsoyuzdorproekt, 2003. — 547 p.

Kornoukhov M.V. Checking the stability of compressed-bent structures beyond the limit of
elasticity. Ch. I. Compressed-bent bar [in Ukrainian]. — K.: Publishing house of the Academy
of Sciences of the UkrSSR, 1936.— 112 p.

Kornoukhov M. V. Stability and stabil strength of frames made of bars on slats or with gratings
[in Ukrainian]. DAN of UkrSSR. VTN, 1947, N 2.

Kornoukhov N.V. A special case of loss of stability // Proceedings of the Institute of Structural
Mechanics of the USSR Academy of Sciences, N 17. — K.: Publishing House of the USSR
Academy of Sciences, 1952. — P. 5-17.

Kornoukhov N.V. Basic theorems of structural mechanics in the problems of the joint
calculation of bar structures for strength and stability / Collection dedicated to the seventy-
fifth anniversary of the birth and fifty years of scientific activity of Evgeny Oskarovich Paton.
—K.: AN UkrSSR, 1946. — P. 290 -298.

Kornoukhov N.V. Calculation of complex frames by the method of displacements taking into
account the deformations of the shear and the width of the bars [in Russian]. Collection of
scientific works of the Kyiv Engineering and Construction Institute. No.XII. — K.:
Tocerpoiinznar Ykpainu, 1959.

Kornoukhov N.V. Determination of the frequencies of natural oscillations of free frame systems by
the method of basic unknowns [in Russian]. Collection of scientific works of the Kyiv Engineering
and Construction Institute. No. IX. — K.: Gosstroyizdat Ukrainy, 1951.—P. 7-25.

Kornoukhov N.V. On the issue of solving the system of equations of a continuous beam [in
Russian]. Proceedings of the Ukrainian Institute of Structures N 1-2, 1932.

Kornoukhov N.V. Stability and stable strength of hinge-rod systems [in Russian]. Proceedings
of the Kyiv Engineering and Construction Instiute. No.VIII — K.: Gostekhizdat Ukrainy, 1948.
Kornoukhov N.V. Strength and stability of bar systems [in Russian]. — M.: Stroyizdat, 1949. —
376 p.

Kornoukhov N.V. The exact method of checking the stability of flat frames [in Russian].
Bulletin of Engineers and Technicians, 1937, Ne3.

Kornoukhov N.V., Varvak P.M. Rakovitsan P.M., Strelbitskaya A.I., Chudnovsky V.G. The
study of the stability of the spatial framework according to the type of the high-rise part of the
Palace of Soviets of the USSR. — K.: Publishing House of the Academy of Sciences of the
Ukrainian SSR, 1938. — 243 p.

Korshunov D.A. Study of the level of tornado danger in Ukraine [in Ukrainian]. The
construction of buildings. No. 54 — K.: NDIBK, 2001. — P. 368-380.

Kovalenko A.D. Calculation of the strength of the wheels of turbomachines. — M.: Mashgiz,
1947.— 68 p.

Kovalenko A.D. Round plates of variable thickness [in Russian]. — M.: Fizmatgiz, 1959.— 294 p.
Kovalenko A.D., Grigorenko Ya.M., Lobkova N.A. Calculation of conical shells of linear-
variable thickness [in Russian]. — K.: Izd-vo AN UkrSSR, 1961. — 328 p.



76 ISSN 2410-2547
Omip MatepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2020. Ne 104
283. Kovneristov G.B. Integral equations of the contact problem of the theory of elasticity for

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

embedded stamps [in Russian]. Collection of scientific works of KISI. No. 20, 1962.
Kozachevsky A.l. On the calculation of complex engineering structures using computer of
unified system // Structural Mechanics and Analysis of Constructions, 1981, N 4. — P. 57-58.
Kozachevsky A.L, Sosis P.M. Calculation on the computer of frame frames taking into
account the inelastic deformations of reinforced concrete // Industrial Construction and
Engineering, 1966, Ne2.

Kritsky A.B., Kritsky V.B. An effective scheme for constructing reduced nonlinear equations
for shells based on the moment finite element scheme. Strength of Materials and Theory of
Structures [in Russian]. No0.62. — Kyiv, Budivelnyk, 1996. — P. 88-99.

Kryzhanovsky V.P., Lantukh L.G., Perelmuter A.V. To the calculation of elastoplastic
structures for adaptability. Strength of Materials and Theory of Structures [in Russian]. —
No.XV. - K.: Budivelnyk, 1971. — P. 137-144.

Kunitsky L.P. The bearing capacity of steel beams with a moving load taking into account the
transverse forces [in Russian]. Collection of scientific papers of the Kyiv Civil Engineering
Institute. No.12, 1959.

Kyrychuk O.A., Kuzko O.V., Lukiyanchenko O.0. Dynamical analysis of a system of two
cylindrical shells [in Ukrainian]. Strength of materials and theory of structures. — N 90. — K.:
KNUBA, 2012. — P. 40-46.

Kyrychuk O.A., Lukianchenko O.0., Kuzko O.V. Bearing capacity of the fuel tank in a system
with a protective tank [in Ukrainian]. Strength of materials and theory of structures. — N 91. —
K.: KNUBA, 2013. — P. 76-83.

Lantukh L.G., Perelmuter A.V. On the question of the adaptability of plates [in Russian].
Problemy prochnosti, 1970, Ne 6. — P. 40-43.

Lantukh-Lyashchenko A.l. Estimation of construction reliability according to the model of
Markov random process with discrete states [in Russian]. Motor roads and road construction -
1999, issue 57. — P. 183-188.

Lisitsyn B.M. On a method for solving problems of the theory of elasticity [in Russian].
Prikladnaia Mekhanika, 1967, vol.3, vv.4 — P. 85-92.

Lisitsyn B.M. Projection and projection-grid methods [in Russian]. — Kyiv, Vyshcha shkola,
1991.— 171 p.

Livshits Ya.D. Bending of flexible rectangular plates supported on an elastic contour [in
Russian]. Prikladnaia Mekhanika, 1951 v. 1. No.1

Livshits Ya.D. Calculation of reinforced concrete structures taking into account the influence
of shrinkage and creep of concrete [in Russian]. — Kyiv, Vyshcha shkola, 1976. — 280 p.
Livshits Ya.D. Calculation of reinforced concrete structures taking into account the influence
of shrinkage and creep of concrete. [in Russian].— Kyiv: Vishcha shkola, 1976. — 280 p.
Lizunov P.P., Guliar O.I., Solodey LI. Universal algorithm of numerical modeling of nonlinear
processes of deformation of reinforced concrete structures. Strength of Materials and Theory
of Structures [in Ukrainian]. — K.: KNUBA, 2014 — P. 17-29.

Lobanov L.M., Shimanovsky V.N., Permyakov V.A. etc. Welded building structures (in 3
volumes). — K.: Publ. House Stal, 1993, 1997, 2003

Lukianchenko O.0., Kostina O.V. The Finite Element Method in Problems of the Thin Shells
Theory, LAP Lambert Academic Publisher, 2019. — 134 p.

Makhnenko V.I. The resource of safe operation of welded joints and assemblies of modern
structures. [in Russian], Naukova Dumka, — Kyiv, 2006. — 618 p.

Melnik-Melnikov P.G., Dekhtyaruk E.S. Rare events probabilities estimations by "Russian
roulette and splitting" simulation technique // Probabilistic Engineering Mechanics, 2000. Vol.
15. Ne 2. — P. 125-129.

Melnik-Melnikov P.G., Katsapchuk A.N. Numerical method for determining the linear
reaction of plates and shells under nonstationary random action of cracks . Strength of
Materials and Theory of Structures [in Russian]. No.53. — Kyiv, Budivelnyk, 1988. — P. 90-94.
Melnyk-Melnikov P.G., Lukyanchenko O.O., Labu M. Application of an effective scheme of
the tests-statistic method for estimation of probabilities of failures of mechanical system under
seismic influence [in Ukrainian]. Strength of Materials and Theory of Structures. Issue 70. —
K.: KNUBA, 2002. — P.81-88.



ISSN 2410-2547 77
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2020. Ne 104

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

Muzychenko Yu.N. On the bar model of the grid method [in Russian]. Building structures and
Structural mechanics. — Rostov: RISI, 1961.

Nemchinov Yu.l. Calculation of spatial structures (finite element method). — K.: Budivelnyk,
1980.—232 p.

Nemchinov Yu.l. Maryenkov N.G., Babik K.N. Application of the bearing capacity spectrum
in the calculations of structures for seismic actions taking into account nonlinear deformation
[in Russian]. Building Structures. No. 63. — K.: NDIBK, 2005. — P. 11-19.

Nemchinov Yu.l., Maryenkov N.G., Babik K.N., Nedzvedskaya O.G. Accounting for the
dynamic interaction of buildings with the base when calculating the impact of accelerograms
[in Russian]. Building Structures. No. 60. — K.: NDIBK, 2004. — P. 285-291.

Nemchinov Yu.l., Maryenkov N.G., Stakovichenko E.I., Poklonsky V.G. Estimation of risks
of collapse of building constructions of the Shelter object at earthquake [in Russian].
Scientific and technical collection "Problems of Chernobyl". No. 5. — Chernobyl: 1999. — P.
96-99.

Nemchinov Yu.l., Zharko LA Calculation of discrete-continuum systems of buildings on the
basis of the moment theory of elasticity and finite elements. Structural Mechanics and
Analysis of Constructions, 1991, N 1. — P. 34-41.

Odinets A.V. On the elastic-plastic symmetric deformation of an orthotropic cylindrical shell
[in Russian]. Collection of scientific works of KISI, issue 20. — K.: 1962. — P. 191-199.

Okhten 1.0., Gotsuliak Ye.O., Lukianchenko O.O. Investigation of the stability of thin-walled
elements of an open profile taking into account the initial imperfections. Strength of Materials
and Theory of Structures [in Ukrainian]. No. 82. — Kyiv: Budivelnyk, 2008. — P. 130-136.
Omelchenko V.D., Safronov O.N., Kozhukhova Z.V. Peculiarities of seismotectonics of the
Chernobyl NPP location region [in Russian]. Reports of the National Academy of Sciences of
Ukraine, 1994. — Ne 6. —P. 109-111.

Padun-Lukyanova L.N. Stability of single-tier spatial frames [in Ukrainian]. Research on
structural mechanics of engineering structures — K.: Publishing house of the Academy of
Sciences of the UkrSSR, 1961. — P. 57-75.

Palchevsky P.A. Plastic deformations in steel structures. Rules of calculation [in Russian]. —
K.: Publishing house of the UkrSSR Academy of Sciences, 1940.

Palchevsky PA Determination of bearing capacity of steel bars for some cases of complex
stress state [in Russian]. Collection of scientific works of the Kyiv institute of civil
engineering. No. 8, 1948.

Paton B.E. Security of progress [Interview with Acad. B.E. Paton] [in Russian]. STR:
Problems and solutions, 1986, N 19 (34), — P. 4-5.

Paton E.O. Calculation of through trusses with rigid nodes [in Russian]. — M.: Typolithography
V. Richter, 1901. - 159 p.

Paton E.O. etc. Additional stresses of bridge trusses from stiffness of knots and their practical
value [in Russian]. — M.: Transpechat, 1930. — 318 p.

Paton E.O. Weight of iron bridges for railways and linear roads [in Russian]. — K.: Publishing
House of the Polytechnic Institute, 1903. — 59 p.

Paton E.O., Gorbunov B.N. Steel bridges [in Russian]. — K.: Gosnauchtekhizdat of Ukraine,
1935.- 812 p.

Paton E.O., Gorbunov B.N. The strength of welded beams during plastic deformations under
repeated load [in Russian]. Construction industry, 1934, No. 9.

Paton E.O., Gorbunov B.N. Unloading the belts of bridge trusses using longitudinal beams //
10th collection of the Institute of Engineering Research NKPS. — M.: Transpechat, 1926.

Paton E.O., Klekh E.A., Bobylev M.M., Kozlovsky N.I. The experimental bridge of the Kyiv
bureau of the Central Executive Office of the NKPS and the results of its tests. — K.: Publ. by
TSIS, 1931.-207 p.

Perelmuter A., Yurchenko V. Parametric Optimization of Steel Shell Towers of High-Power
Wind Turbines // Procedia Engineering, 2013, Vol. 57. — P. 895 — 905.

Perelmuter A.V. Application of the step method to static calculation and stability testing of
cable-stayed-rod systems such as mast structures [in Russian]. Materials on metal structures.
No.11.— M.: Stroyizdat, 1966. — P. 77-92.

Perelmuter A.V. As to optimization of the risk level / Proceedings of 6th international



78

ISSN 2410-2547
Omip MatepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2020. Ne 104

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

348.

conference “Modern building materials, structures and techniques”. Vilnius-1999, Vol. III. — P.
163-168.

Perelmuter A.V. Basics of cable-rod systems calculation [in Russian]. — M.: Stroyizdat, 1969.
—190 p.

Perelmuter A.V. Determination of disadvantageous loading for a nonlinear elastic system [in
Russian]. Structural Mechanics and Analysis of Constructions, 1970, No. 5. —P. 3 -42.
Perelmuter A.V. Elements of the theory of systems with unilateral constraints. — M.: ZINISA
of Gosstroy of the USSR, 1969. — 127 p.

Perelmuter A.V. Formulation of the stability problem for a stackable structure [in Russian].
Strength of Materials and Theory of Structures, No. 94. — K.: KNUBA, 2015. — P. 19-27.
Perelmuter A.V. From the experience of calculating the new safe confinement of the
Chernobyl NPP [in Russian]. Actual problems of the numerical modeling of buildings,
structures and complexes. Volume 2. On the 25th anniversary of the Scientific Research
Center StADiIO. — M: ACB Publishing House, 2016. — P. 463-477.

Perelmuter A.V. Methods for calculating mast systems — K.: Ukrproektstaleeconstruktsiya,
1963.—-97 p.

Perelmuter A.V. On the application of graph theory to some problems of structural mechanics
[in Russian]. Structural Mechanics and Analysis of Constructions, 1965, No. 3. — P. 13-16.
Perelmuter A.V. On the physical implementation of the optimal prestressed bar system.
Prikladnaia Mekhanika, 1970. — Vol. VL. — No. 7. — P. 129-132.

Perelmuter A.V. On the ultimate state of tower structures [in Russian], Materials on metal
structures. No.12. - M.: Stroyizdat, 1967. — P. 88-94.

Perelmuter A.V. Selected problems of reliability and safety of building structures [in Russian]
/2nd ed., — M.: ACB Publishing House, 2007. — 256 p.

Perelmuter A.V. Statistical modeling of crane loads and design combinations of efforts [in
Russian]. International Journal for Computational Civil and Structural Engineering, 2017. Vol.
13,No.2. — P. 136-144.

Perelmuter A.V. The concept of material concentration and safety requirements [in Russian].
Theory and practice of calculating buildings, structures and structural elements. Analytical and
numerical methods. Collect. works. — M.: MGSU, 2011. — P. 286-291.

Perelmuter A.V. Verification of the stability of structures, the calculation of which is carried
out taking into account the stages of installation [in Russian]. International Journal for
Computational Civil and Structural Engineering, 2014. Vol. 11, No. 4. — P. 22-28.

Perelmuter A.V., Fialko S.Yu. Direct and iterative methods for solving large-sized finite
element problems of structural mechanics // Proceedings of the XX International Conference
“Mathematical Modeling in Continuous Mechanics. The Method of Boundary and Finite
Elements”, Volume III. — St. Petersburg: 2003. — C. 92-97.

Perelmuter A.V., Kabantsev O.V. Analysis of structures with a changing design scheme. — M.:
Publishing house SKAD SOFT, ASV Publishing House, 2015. — 148 p.

Perelmuter A.V., Kondra M.P., Mikitarenko M.A., Denisenko G.P., Turchin P.P. The
assessment of damages and revival of service ability of exhaust stack at Chernobyl Nuclear
Power Plant // MeraneBi koncTpykiiiii, 2002. — V. 5. — Nel. — P. 23-26.

Perelmuter A.V., Pichugin S.F. On the assessment of the vulnerability of building structures
[in Russian]. Journal of Civil Engineering, 2014. — No. 5. — P. 5-14.

Perelmuter A.V., Slivker V.I. Design models of structures and the possibility of their analysis /
4th ed. — M.: SKAD Soft, DMK Press, ACB, 2007. — 736. p.

Perelmuter A.V., Slivker V.I. Features of the algorithm of the displacement method when
taking into account additional connections // Finite element method and structural mechanics.
Proceedings of the LPI, No. 349. —L.: 1976. — P. 28-36.

Perelmuter A.V., Slivker V.I. Handbook of Mechanical Stability in Engineering. Vol.l.
General theorems and individual members of mechanical systems; Vol. 2. Stability of
elastically deformable mechanical systems; Vol. 3. More challenges stability theories.
Codification problems — New Jersey-London-Shanghai-Beijing-Singapore-Hong Kong-New
Delhi: World Scientific Publ., 2013. — 601+587+401 p.

Perelmuter A.V., Slivker V.I. On the estimated lengths of bars of spatial structures / Theory
and practice of calculating buildings, structures and structural elements. Analytical and



ISSN 2410-2547 79
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2020. Ne 104

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

numerical methods. Sat Proceedings of the international practical conference. — M.: MGSU,
2010.—P. 342-349.

Perelmuter A.V., Slivker V.I. Stability of structural equilibrium and related problems. In 3.
volumes. — M.: Publishing House SKAD SOFT, 2010-2011. - 1776 p.

Perelmuter A.V., Slivker V.I. The Problem of Interpretations of the Stability Analysis Results
// ECCM-2001. 2nd European Conference on Computational Mechanics. Solid, Structures and
Coupler Problems in Engineering. Cracow, Poland, June 26-29, 2001. — Abstracts, Vol. 2. —
Krakdéw: Vesalius, 2001. — P. 998-999.

Perelmuter A.V., Yurchenko V.V. On the calculation of spatial systems from thin-walled bars
of an open profile [in Russian]. Structural Mechanics and Analysis of Constructions, 2012, No.
6.—P. 18-25

Permiakov V.A., Remennikov A.M. Search for optimal geometry and topology of truss
structures [in Russian]. News of universities. Construction, 1994. — No. 1. — P. 5-9.

Permyakov V.A., Perelmuter A.V., Yurchenko V.V. Optimal design of steel bar structures. [in
Russian]. — K.: Publishing house “Steel”, 2008. — 538 p.

Permyakov V.O., Bilik S.I. Stability of frames with use of I-beams with variable section [in
Ukrainian] Metal constructions: a look into the past and the future. Collection of reports of the
VIII Ukrainian Scientific and Technical Conference. Part 1. — K.: Publishing House Steel,
2004. —P. 498-503.

Pisarenko G.P. Oscillations of elastic systems taking into account energy dissipation in a
material — K.: Publishing House of the Academy of Sciences of the Ukrainian SSR, 1955. —
238 p.

Pisarenko G.S., Boginich O.E. Oscillations of kinematically excited mechanical systems taking
into account energy dissipation [in Russian]. — K.: Nauk. Dumka, 1982. — 220 p.

Piskunov V.G. The construction of a discrete-continuous scheme for calculating
inhomogeneous plates based on the finite element method [in Russian]. Strength of Materials
and Theory of Structures, 1078, No. 33. — P. 78-81.

Piskunov V.G., Sipetov V.S., Grinevytsky B.V., Shkuratovsky A.O., Kondryukova I.O.
Calculation of prefabricated monolithic girder structures of road bridges taking into account
structural inhomogeneity and long-term processes // Roads and Bridges, 2006. — No. 26. — P.
55-76.

Piskunov V.G., Verizhenko V.E. Linear and nonlinear problems of calculating layered
structures. — K.: Budivelnyk, 1986. — 176 p.

Piskunov V.G., Verizhenko V.E., Prisyazhnyuk V.K., Sipetov V.S., Karpilovsky V.P.
Calculation of inhomogeneous shallow shells and plates by the finite element method [in
Russian]. — Kyiv: Vyshcha shkola, 1987. —200 p.

Podolsky D.M. Calculation of composite thin-walled bars with non-orthogonal connections [in
Russian]. Studies in the theory of structures, No. 21. — M.: Stroyizdat, 1975. — P. 190-199.
Podolsky D.M. Calculation of composite thin-walled bars with orthogonal connections [in
Russian]. Studies in the theory of structures, No. 19. — M.: Stroyizdat, 1973. — P. 84-94.
Podolsky D.M. Calculation of structural systems with indeterminate stiffness characteristics
[in Russian]. Reliability and durability of machines and structures, 1984. — No.6. — P. 78-86.
Podolsky D.M. On the spatial stability of tall buildings [in Russian]. Structural Mechanics and
Analysis of Constructions, 1970. — N 2. — P. 63-66.

Podolsky D.M., Baynatov Zh.B. Selection of calculated models of stiffness diaphragms of
multi-storey buildings on the basis of experimental studies [in Russian]. Structural Mechanics
and Analysis of Constructions, 1978. — N 1. — P. 55-59.

Poliakov P.R. Stability of spatial hinge-rod axisymmetric systems [in Ukrainian]. Research on
building mechanics of engineering structures [in Russian]. — K.: Publishing house of the
Academy of Sciences of the UkrSSR, 1961. — P. 32-56.

Pukhov G.E. Electrical modeling of bar and thin-walled structures [in Russian]. — K.: Publ. AN
UkrSSR, 1960. — 151 p.

Pukhov G.E., Vasiliev V.V., Stepanov A.E., Tokareva O.N. Electrical modeling of problems in
structural mechanics. — K.: Publ. AN UkrSSR, 1963. — 286 p.

Rashba E.I. Determination of stresses in arrays from the action of their own weight, taking into
account the order of their construction [in Russian], Proceedings of the Institute of Structural



80

ISSN 2410-2547
Omip MatepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2020. Ne 104

370.

371.

372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

391.

Mechanics, Academy of Sciences of the Ukrainian SSR. 1953. — No. 18. — P. 23-27.

Rasskazov A.O. On the theory of multilayer orthotropic gentle shells. Prikladnaia Mekhanika,
1976.—V.12.—No. 8. — P. 50-45.

Rasskazov A.O., Dekhtiar A.P. The ultimate equilibrium of shells — Kyiv, Vyshcha shkola,
1978.— 152 p.

Rasskazov A.O., Sokolovskaya II, Shulga N.A., Theory and calculation of layered orthotropic
plates and shells -[in Russian], Naukova Dumka, — Kyiv, 1986.— 191 p.

Repiakh V.V. Improvement of stiffness matrices with initial coefficient errors [in Russian],
Computers in research and design of construction objects. No.IV. — Kyiv, ZNIIEP, 1974. — P.
89-97.

Repman Yu. General method for calculations of thin plates [in Russian]. — K.: Publ. VUAN,
1935.—44 p.

Riabov A.F. Calculation of multilayered shells [in Ukrainian]. — K.: Budivelnyk, 1968.— 101 p.
Romanenko F.O., Sinyavsky O. L. Numerical solution of a generalized eigenvalue problem.
Strength of Materials and Theory of Structures [in Ukrainian]. No. IV. — Kyiv, Budivelnyk,
1966. — P. 76-85.

Sakharov A.S. Equilibrium of cable-stayed grids. Strength of Materials and Theory of
Structures [in Russian]. — Kyiv, Budivelnyk, 1965. — No. 3. — P. 120-135.

Sakharov A.S. Modification of the Ritz method for calculating massive bodies based on
polynomial expansions taking into account rigid displacements. Strength of Materials and
Theory of Structures [in Russian]. — Kyiv, Budivelnyk, 1974. — No. 23. — P. 61-70.

Sakharov A.S. Moment scheme of finite elements MSFE taking into account rigid
displacements. Strength of Materials and Theory of Structures [in Russian]. No.24. — Kyiv,
Budivelnyk, 1974. — P. 147-156.

Sakharov A.S., Bobrov R.K. The finite element method in the study of the stress-strain state of
reinforced concrete structures taking into account the formation of cracks [in Russian]. Strength
of Materials and Theory of Structures. No. XXX. — Kyiv, Budivelnyk, 1974. —P. 10-17.
Sakharov A.S., Gulyar A.l., Topor A.G. Analysis of the stress-strain state of bodies of
revolution with cutouts that violate axial symmetry [in Russian]. Problemy prochnosti, 1986. —
No. 6. — P. 69-73.

Sakharov A.S., Gulyar A.L, Topor A.G. Elastic-plastic equilibrium of a torospherical vessel
under non-axisymmetric thermo-mechanic loading [in Russian]. Collect. ”Questions of
dynamics and strength”, c. 44, “Knowledge”, Riga, 1984. — P. 95-99.

Sakharov A.S., Gulyar A.L, Topor A.G., Chorny P. M., Shalygin P. A. Investigation of the
stress-strain state of cyclically symmetric spatial structures [in Russian]. Problemy prochnosti,
K., 1990. - No. 6. — P. 12-16.

Sakharov A.S., Kislooky V.P., Kirichevsky V.V. et al. Finite element method in solid
mechanics — Kyiv, Vyshcha shkola, Leipzig: FEB Fachbuhferlag, 1982. — 480 p.

Sakharov A.S., Solovei N.A. The study of the convergence of the finite element method in
problems of plates and shells [in Russian]. Spatial structures of buildings and structures. No3.
-M,, 1977.

Sakharov V.O. The use of spectral superelements in the problems of the dynamics of the “base
- foundation - building” system [in Ukrainian]. Bulletine of the Prydniprovska State Academy
of Civil Engineering and Architecture, No. 1 (202). — Dnipro: PDABA, 2015. — P. 37-46.
Savchenko V.I. Some applications of the polarization-optical method for studying stresses //
The polarizing optical method and its applications for studying thermal: stresses and strains -
[in Russian], Naukova Dumka, — Kyiv, 1976. — P. 178-193

Savchenko V.I. The method of separation of deformations in spatial photoelasticity [in
Russian]. Questions of atomic science and technology. Ser.: Physics and technology of nuclear
reactors. No6 (28). — M., 1982. — P. 21-23.

Savchenko V.I., Nakonechny V.V. The stress concentration near the holes in the conical shells
[in Russian], Problemy prochnosti, 1988, No. 2. — P. 101-104.

Serensen S.V. Fundamentals of the technical theory of elasticity as applied to strength
calculations in aircraft engineering [in Russian]. — K.: VUAN, 1934. —263. p.

Serensen S.V. On the dynamic calculation of multi-storey frames [in Russian]. Bulletin of
engineers and technicians, 1933. — No. 9.



ISSN 2410-2547 81
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2020. Ne 104

392.

393.

394.

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

409.

410.

411.

412.

413.

414.

Shevernitsky V.V., Novikov V.1, Zhemchuzhnikov G.Trufyakov V.I. Static strength of
welded joints made of mild steel [in Russian]. — K.: Acad. Sciences of the Ukrainian SSR,
1951.—88 p.

Shimanovsky A.V., Ogloblia A.I. Theory and calculation of load-bearing elements of large-
span spatial structures [in Russian]. - K.: Publishing house "Steel", 2002. — 372 p.
Shimanovsky A.V., Sirota N.A., Gerasimova M.V. Numerical modeling of supporting
structures of Bl, B2 beams of the Shelter object [in Russian]. Scientific and technical
collection “Problems of the Chernobyl Exclusion Zone”. No.6. — K.: Ministry of Emergencies,
1998. — P. 79-85.

Shimanovsky A.V., Tsykhanovsky V.K. Theory and calculation of strongly nonlinear
constructions. — K.:Steel, 2005. — 432 p.

Shimanovsky V.N. Tensile systems [in Russian]. — Kyiv, Budivelnyk, 1984. — 208 p.
Shimanovsky V.N., Gordeev V.N., Grinberg M.L., Buryshkin M.L. On modern structural
analysis and optimization methods for the creation of efficient spatial roof structures. Spatial
Roof Structures / IASS—Symposium, Dortmund, 1984, Reports, Vol.2. — P. 313-331.
Shimanovsky V.N., Gordeiev V.N., Grinberg M.L. Optimal design of spatial lattice coatings
[in Russian]. — Kyiv: Budivelnyk, 1987. — 224 p.

Shimanovsky V.N., Miroshnik V.F. An experimental and theoretical study of the work of
undisputed cable-stayed trusses. Strength of Materials and Theory of Structures [in Russian].
No.XXVI. — Kyiv, 1975. - P. 166-171.

Shimanovsky V.N., Smirnov Yu.V., Kharchenko R.B. Calculation of hanging structures
(filaments of finite stiffness) [in Russian]. — Kyiv: Budivelnyk, 1973. — 198 p.

Shkelev L.T., Morskov Yu.A., Romanova T.A., Stankevich A.N. Method of lines and its use in
determining the stress and strain states of plates and shells [in Russian], 2002. — 177 p.

Shkelev L.T., Stankevich A.N., Poshivach D.V., Morskov Yu.A., Korbakov A.F. The use of
the lines method for determining the stress and strain states of spatial and plate structural
elements [in Russian]. — K.: KNUSA, 2004. — 136 p.

Shmulsky M.D. The work of metal tower structures on torsion [in Russian]. Proceedings of
the Institute of Structural Mechanics of the Academy of Sciences of the Ukrainian SSR, No.
14. — K.: Publ. Academy of Sciences of the Ukrainian SSR, 1950. — P. 74-105.

Shtaierman 1.Ya. Calculation of the dome as an arch on an elastic foundation [in Russian].
Project Standard, 1933. — No. 9.

Shtaierman 1.Ya. Elastic stability of pipes and shells [in Russian]. — K.: 1929.— 36 p.
Shtaierman I.Ya. On the calculation of a cylindrical tank with a wall of variable thickness [in
Ukrainian]. Proceedings of the Institute of Technical Mechanics of the Ukrainian Academy of
Sciences, 1927.

Shtaierman I.Ya. On the integration of differential equilibrium equations for elastic shells [in
Russian]. Bulletin of the Kyiv Polytechnic and Agricultural Institute, 1924.

Shtaierman I.Ya. On the method of successive approximations in structural mechanics. About the
exact calculation of chain bridges with a stiffener. Geometric method for determining the
deformation of trusses [in Russian]. — K.: Research Department of Civil Engineering, 1928.— 48 p.
Shtaierman I.Ya. On the theory of symmetric deformations of anisotropic elastic shells [in
Russian]. Bulletin of the Kyiv Polytechnic and Agricultural Institute, 1924.

Shtaierman I.Ya. Stability of a flat form of bending arches [in Russian]. Collection of scientific
research works of the Kyiv Industrial Institute, No. 3, 1936.

Shtaierman I.Ya. Stability of curved bars and arches. On the longitudinal bending of circular
arches of variable cross section. The bar of equal resistance to bending [in Russian]. — K.:
1928.—-32 p.

Shtaierman I.Ya. The bar of equal resistance during bending. [in Russian]. Visti KPI, 1928.
Shtaierman 1.Ya., Pikovsky A.A. Methods for calculating structures for stability [in Russian].
— K.: Ukrgizmestprom, 1938. — 207 p.

Sidorenko M.V. Scientific and technical problems of forecasting the reliability of building
structures in the context of limited information about their actual condition (for example,
structures damaged in an accident at the 4th Chernobyl NPP unit) // Proceedings of the First
All-Ukrainian Scientific and Technical Conference "Accidents on buildings and structures and
their prevention — K.: 1997. — P. 63-68.



82 ISSN 2410-2547
Omip MatepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2020. Ne 104
415. Sidorenko M.V., Bambura A.N., Voznesensky L.F., Sazonova L.R. Stress-strain state of

416.

417.

418.

419.

420.

421.

422.

423.

424.

425.

426.

427.

428.

429.

430.

431.

432.

433.

434,

435.

436.

437.

438.

reinforced concrete structures of the western framework [in Russian]. Scientific and technical
collection "Problems of Chernobyl". — No.5. 1999. — P. 88-92.

Sidorenko M.V., Korshunov D.A. Problems of tornado danger [in Russian]. Industrial and
Civil Engineering, 2000. — No. 6. — P. 35-37.

Sikalo P.I. Calculation of prestressed steel beams according to the deformed scheme //
Collection of scientific works of KISI, issue 20. — K, 1962. — P. 17-32.

Skuratovsky M.N. Some questions of the static calculation of hanging coatings [in Russian].
Structural Mechanics and Analysis of Constructions, 1965. — No. 6. —P. 11-14.

Skuratovsky M.N., Evzerov L.D. Justification of the calculation algorithm for the stability of
spatial core systems used in construction // Numerical methods for solving problems of
structural mechanics [in Russian]. — K.: KISI, 1976. — P. 143-147.

Sosis P.M. Calculation of frames by the method of redistributing the initial values of
unknowns. - K.: Gostekhizdat, ed. 2nd, supplemented. 1956. — 168 p.

Sosis P.M. Mechanization of calculations of structures according to standard programs [in
Russian]. — K.: Gosstroyizdat of the Ukrainian SSR, 1961. — 156 p.

Sosis P.M. On methods for solving systems of linear equations with low-filled coefficient
matrices on electronic digital machines // Studies in Theory of Structures, No. 12. — M:
Stroyizdat, 1963. — P. 281-267.

Sosis P.M. On solving systems of linear equations with certain matrix structures on electronic
computers [in Russian]. Computational Mathematics and Mathematical Physics, 1963. — V. 3.
—No. 4.

Sosis P.M. Solving n-term equations of structural mechanics by the method of redistribution of
initial values of unknowns [in Ukrainian]. Prikladnaia Mekhanika, 1959. — V. 5. — No. 4. — P.
448-454.

Sosis P.M. Statically indeterminate systems. The construction and development of algorithms
[in Russian]. — Kyiv: Budivelnyk, 1968. — 309 p.

Sosis P.M., Hakalo B.P. Calculation of continuous and cross beams. [in Russian]. — K.:
Gosstroyizdat of the Ukrainian SSR, 1958.

Stavraki L.N. Basics of calculation of thin-walled bars according to the deformed scheme [in
Ukrainian]. Prikladna Mekhanika, 1960. — Vol. 6. — No. 2. — P. 143-154.

Stavraki L.N. Differential equations of stability of a thin-walled open-profile bar [in Russian],
Proceedings of the Institute of Structural Mechanics, No. 10. — K.: Publishing House of the
Academy of Sciences of the Ukrainian SSR, 1949. — P. 56-67.

Stavraki L.N. The stability of spatial frames from thin-walled symmetrical profiles //
Proceedings of the Institute of Structural Mechanics, No. 12. — K.: Publishing House of the
Academy of Sciences of the Ukrainian SSR, 1950. — P. 102-155.

Strelbitskaya A.I. Evseenko G.I. An experimental study of the elastic-plastic work of thin-
walled structures - K.: Nauk. Dumka, 1968. — 182 p.

Strelbitskaya A.l. Oblique bending of metal beams beyond the yield point [in Russian],
Proceedings of the Institute of Structural Mechanics of the Academy of Sciences of the
Ukrainian SSR, No. 18, 1953.

Strelbitskaya A.I. On the calculation of flyovers [in Russian], Proceedings of the Kyiv Civil
Engineering Institute. No.4, 1938.

Strelbitskaya A.l. Study of the strength of thin-walled bars beyond the elastic limit. — K.:
Publishing House of the Academy of Sciences of the Ukrainian SSR, 1958. — 296 p.
Strelbitskaya A.I. The ultimate state of frames of thin-walled bars during bending with torsion
- [in Russian], Naukova Dumka, — Kyiv, 1964. — 254 p.

Strelbitskaya A.I., Kolgadin V.A., Matoshko P. I. Bending of rectangular plates beyond the
elastic limit -[in Russian], Naukova Dumka, — Kyiv, 1971. — 244 p.

Strelets-Streletsky E.B. Design stress combinations for structures such as beam-walls and
slabs. Structural Mechanics and Analysis of Constructions, 1986, No. 3. — P. 36-38.

Strength and contact deformability of reinforced concrete structures / G. B. Kovneristov, et al.
[in Russian]. - K.: Budivelnyk, 1991. — 152 p.

Syminsky K.K. Lectures on the statics of structures. [in Russian]. Spatial Trusses. — Kyiv .:
Ed. Kyiv Polytechnic Institute, 1912. — 147 p.



ISSN 2410-2547 83
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2020. Ne 104

439.

440.
441.

442.

443.

444.

445.
446.

447.

448.

449.

450.

451.

452.

453.

454.

455.

456.

457.

458.

459.

460.

461.

462.

463.

464.

Syminsky K.K. On the formation of spatial trusses for bridges // Bulletin of the Kyiv
Polytechnic Institute. Department of Engineering Mechanics. 1914, book 3.

Syminsky K.K. Spatial Trusses [in Ukrainian]. — K.: Publ. VUAN, 1934. - 162 p.

Syminsky K.K. Stiffness of nodes and initial stresses as principles of designing spatial domed
roofs // Construction Industry,1931, No. 2-3.

Syminsky K.K. Structural mechanics. Continuous beams [in Russian]. — Kyiv: Ed. Kyiv
Polytechnic Institute, 1930. — 298 p.

Syminsky K.K. Structural mechanics. Systems with redundant unknowns [in Russian]. — K.:
Kubuch, 1927. —323. p.

Syminsky K.K. Structural mechanics. Systems without redundant bars [in Russian]. — K: 1918.
—304 p.

Syminsky K.K. Technical Mechanics, Part 1 [in Russian]. — K.: Publ. House KPI, 1922. — 326 p.
Syminsky K.K. The course structural static [in Ukrainian]. — Kharkiv; Derzhvidav of Ukraine,

1930. - 673. p.
Syminsky K.K. Works on building materials and structures [in Ukrainian]. — K.: Publ. VUAN,
1933.- 198 p.

Timoshenko S. P. Application of normal coordinates to the study of the bending of bars and
plates [in Russian]. Bulletin of the Kyiv Polytechnic Institute, 1910, book 1 — P. 1-49.
Timoshenko S.P. Collection of problems on the strength of materials [in Russian]. — K.:
Printing house "Progress", 1908. — 96 p.

Timoshenko S.P. On forced oscillations of a prismatic bar (Appendix to the study of bridge
vibrations) [in Russian]. Bulletin of the Kyiv Polytechnic Institute, 1909, book 4. — P. 201-252.
Timoshenko S.P. Strength issues of steam turbines [in Russian]. — St. Petersburg: printing
office of the “Stroitel” journal, 1912. — 50 p.

Timoshenko S.P. On the distribution of stresses in a circular ring compressed by two mutually
opposite forces [in Russian]. Bulletin of the Kyiv Polytechnic Institute, 1909, book 1.—P. 21-37.
Timoshenko S.P. On the issue of longitudinal bending. — K.: Publ. House S.V. Kulzhenko,
1908.—32 p.

Timoshenko S.P. On the issue of stability of elastic systems [in Russian]. Bulletin of the Kyiv
Polytechnic Institute. Department of Engineering Mechanics, 1910, Book 2. — P. 147-207.
Timoshenko S.P. On the stability of compressed plates [in Russian]. — K.: Publ. House
S.V. Kulzhenko, 1907. — 60 p.

Timoshenko S.P. On the stability of elastic systems. Application of a new method to the study
of the stability of some bridge structures [in Russian]. Bulletin of the Kyiv Polytechnic
Institute. Department of Engineering Mechanics, 1910, book 4. — P. 375-560.

Timoshenko S.P. On the stability of the flat form of bending of an I-beam under the influence
of forces acting in the plane of its greatest stiffness [in Russian]. Bulletin of St. Petersburg
Polytechnic Institute, vol. IV, No. 34, 1905. — P. 151-219; V. V, No.1-2, 1906. — P. 3-34; V.
V, No.34, 1906. — P. 263-292.

Timoshenko S.P. Strength of materials [in Russian]. — K.: Printing house "Progress", 1908.
Part 1. — 389 p., part 2. — 381 p.

Trofimovich V.V. Calculation of trussed beams according to the limiting state under the action
of fixed and mobile loads [in Russian]. Proceedings of the Institute of Building Mechanics of
the Ukrainian Academy of Sciences, No. 19, 1954; No. 21, 1956.

Trofimovich V.V. The work of steel truss beams in the elastic-plastic stage with fixed and
moving loads [in Russian]. Issues of strength and stability of building structures. - K.:
Publishing House of the Academy of Sciences of the Ukrainian SSR, 1956. — P. 27-43.
Trofimovich V.V., Permyakov V.A. Designing prestressed cable-stayed systems [in Russian].
Budivelnyk, — Kyiv, 1970. — 140 p.

Trofimovich V.V., Permyakov V.A. Optimal design of metal structures [in Russian]. — Kyiv:
Trofimovich V.V. The work of steel truss beams in the elastic-plastic stage with fixed and
moving loads // Issues of strength and stability of building structures [in Russian]. — K.:
Publishing House of the Academy of Sciences of the Ukrainian SSR, 1956. — 136 p.
Trofimovich V.V., Permyakov V.A. Optimization of metal structures [in Russian]. — Kyiv,
Vyshcha shkola, 1983.—200 p.

Trofimovich V.V., Permyakov V.A., Moshkin L.P. To the question of the formulation of the



84

ISSN 2410-2547
Omip MatepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2020. Ne 104

465.
466.

467.

468.

469.

470.

471.

472.

473.

474.

475.

476.

4717.

478.

479.

480.

481.

482.

483.

484.

485.

486.

487.

488.

problem of optimal design of metal prestressed cable-stayed systems. Strength of Materials
and Theory of Structures [in Russian]. No.XIV — Kyiv, Budivelnyk, 1971. — P. 115-124.
Trufyakov V.I. Fatigue of welded joints [in Russian], Naukova Dumka, — Kyiv, 1973. - 216 p.
Ulitsky I.I. Determination of creep and concrete shrinkage [in Russian]. -K.: Gosstroyizdat of
the Ukrainian SSR, 1963. — 145 p.

Ulitsky LI, Metelyuk N.S., Reminets G.M. Stiffness of flexible concrete elements [in
Russian]. — K.: Gostekhizdat of the Ukrainian SSR. 1963. — 87 p.

Ulitsky L.I., Zhang-Zhong Ya.O., Golyshev A.B. Theory and calculation of reinforced concrete
bar structures taking into account lengthy processes. — Kyiv: Budivelnyk, 1967. — 348 p.
Umansky A. A. On the graphic construction of surfaces of the influence of efforts in the bars
of spatial trusses [in Russian], Proceedings of the Kyiv Construction Institute. No.I, 1932. — P.
66-71.

Umansky A.A. Elementary proof of Major's theorem [in Russian], Proceedings of the Kyiv
Construction Institute. No.I, 1932. — P. 60-65.

Umansky A.A. Floating bridges. Calculation of the main chain [in Russian]. — K.-X.:
Technical publishing house, 1931. — 160 p.

Umansky A.A. On the method of replacing links in structural mechanics [in Russian],
Proceedings of the Kyiv Construction Institute. No.III, 1936. — P. 7-14.

Umansky A.A. On the solution of three-term equations. Frames and trusses spatial and flat [in
Russian]. — M.-L.: Gosstroyizdat, 1933. — P. 149-169.

Umansky A.A. Special course in structural mechanics. Part 1. Beams of variable cross section.
Beams on an elastic foundation. The solution of equations. Reference tables. — M.: ONTI,
1935; Part 2. Multi-span beams on elastic supports. Flat and spatial frames [in Russian]. — M.-
L.: Stroyizdat, 1940. — 196 p.

Umansky O.A. About the calculation of beams on elastic foundation [in Ukrainian]. — Kyiv:
VUAN, 1932.— 74 p.

Umansky O.A. About the calculation of multi-span spring-supported beams using the method
of initial parameters [in Ukrainian]. — K.: VUAN, 1935. —48 p.

Umansky O.A. Statics ande kinematics of frame structures [in Ukrainian]. — K: Publ. of All-
Ukrainian Academy of Sciences, 1932. — 72 p.

Umansky O.A. Theory of beams with changing cross-section [in Ukrainian]. Zbirnik in
memory of academician K.K. Syminsky. — K.: VUAN, 1933.

Umansky O.A., Gorbunov B.M. About a dependence between loads, forces and geometrical
elements in bar systems [in Ukrainian]. Collected works, Institute of Technological Mechanics,
VUAN, No. 5, 1929.

Umansky O.A., Mariin. V.A. To the calculation of long and multi-span beams on elastic
foundation [in Ukrainian]. — K.: VUAN, 1935.—-79 p.

Usakovsky S.B. With what accuracy to calculate the strength of structures [in Russian]. — K.:
KNUSA, 2005. - 160 p.

Vainberg D.V. A new method for calculating terminal connections and eyes [in Russian]. —
K.: Gostekhizdat of Ukraine, 1948. — 88 p.

Vainberg D.V. Oscillations and stability of arches supported by elastic connections.
Proceedings of the Institute of Structural Mechanics of the Academy of Sciences of the
Ukrainian SSR, No. 11 — K.: Publishing House of the Academy of Sciences of the Ukrainian
SSR, 1949. — P. 32-42.

Vainberg D.V. The stress state of composite disks and plates [in Russian]. - K.: Publishing
House of the Academy of Sciences of the Ukrainian SSR, 1952. — 420 p.

Vainberg D.V., Chudnovsky V.G. Calculation of spatial frames [in Russian]. — K.:
Gosstroyizdat of the UkrSSR, 1964. — 308 p.

Vainberg D.V., Chudnovsky V.G. Spatial frameworks of engineering structures [in Russian]. —
K.: Gostekhizdat UkrSSR, 1948. — 239 p.

Vainberg D.V., Roitfarb I.Z. Calculation of plates and shells with discontinuous parameters [in
Russian]. Calculation of spatial structures. No. X. — M.: Stroyizdat, 1965. — P. 39-80.

Vainberg D.V., Sakharov A.C., Kirichevsky V.V. The matrix output stiffness characteristics of
a discrete element of arbitrary shape. Strength of Materials and Theory of Structures [in
Russian]. — 1971. — No. 14. — P. 37-44.



ISSN 2410-2547 85
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2020. Ne 104

489.

490.

491.

492.

493.

494.

495.

496.

497.

498.

499.

500.

501.

502.

503.

504.

505.

506.

507.

508.

509.

510.

Vainberg D.V., Sinyavsky A.L. Approximate calculation of shells with cut-outs by methods of
potential theory [in Russian]. Problems of Continuum Mechanics. — M.: Publishing House of
the UkrSSR Academy of Sciences, 1961. — P. 73-82.

Vainberg D.V., Sinyavsky A.L. Calculation of shells [in Russian]. — K.: Gosstroyizdat of the
Ukrainian SSR, 1961.— 110 p.

Vainberg D.V., Ugodchikov A.G. Bending stresses in a flat plate when connected with an
interference fit [in Russian]. Prikladnaia Mekhanika, 1958. — V. 4. — No. 4.

Vainberg D. V. On the calculation of pipes laid in solid rocks [in Russian]. Collection devoted
to the seventy-fifth anniversary of the birth and fifty years of scientific activity of Evgeny
Oskarovich Paton. — K.: AN UkrSSR, 1946. — P. 356-368.

Vainberg D.V. Methods for calculating round ribbed plates [in Russian]. Calculation of spatial
structures. No.5. - M.: Gosstroyizdat, 1959. — P. 321-365.

Vainberg D.V. Pure bending of a plate with a reinforced hole [in Russian]. Ingenerny Sbornik,
V.1V. No.2, 19438.

Vainberg D.V. The problem of the eigenvalues of a circular ring in a linearly pliable
environment. [in Russian]. Proceedings of the Institute of Structural Mechanics of the
Academy of Sciences of the Ukrainian SSR, No. 10. — K.: Publishing House of the Academy
of Sciences of the Ukr.SSR, 1949. — P. 175-192.

Vainberg D.V. To the calculation of systems with cyclic symmetry. Reports of the USSR
Academy of Sciences, 1949. — Nel.

Vainberg D.V., Barishpolsky B.M., Siniavsky A.L. The use of computers to solve elastic static
problems by the polarization-optical method [in Russian]. — K.: Technika, 1971. — 252 p.
Vainberg D.V., Chudnovsky V.G. Calculation of spatial frame structures [in Ukrainian]. — K.:
Publishing House of the Academy of Sciences of the Ukrainian SSR. — 1940. — 136 p.
Vainberg D.V., Dekhtiariuk E.S. Theory of Shells and Plates [in Russian]. — Yerevan:
Publishing House of the Academy of Sciences of the ArmSSR, 1964. — P. 301-308.

Vainberg D.V., Dekhtiariuk E.S., Sinyavsky A.L. The descent method and programming of the
structural mechanics problems of plates and shells [in Russian]. Computers in structural
mechanics. — L.-M.: Stroyizdat, 1966. — P. 465-472.

Vainberg D.V., Gerashchenko V.M., Roitfarb I.Z., Siniavsky A.L. Derivation of grid equations
of plate bending by the variational method. Strength of Materials and Theory of Structures [in
Russian]. No.I. — Kyiv, Budivelnylk, 1965. — P. 23-33.

Vainberg D.V., Guliaiev V.I, Dekhtiariuk E.P. Calculation of shallow convex shells
interacting with supporting structures [in Russian]. Calculation of spatial structures. Issue 11. —
M.: Stroyizdat, 1967. — P. 73-88.

Vainberg D.V., Itenberg V.Z., Zarutsky V.O. Stress state of cylindrical shells reinforced with
ribs. [in Ukrainian]. Prykladna Mekhanika. — 1960. — V. 6. — Ne 4.

Varvak M.Sh., Dekhtiar A.P. An experimental study of the bearing capacity of shallow shells
with a central hole [in Russian]. Prikladna Mekhanika. — Vol. VI. - No.3, 1970. — P. 122-125.
Varvak M.Sh., Dekhtiar A.S., Shapiro A.V. The optimum surface of the coating shells [in
Russian]. Structural Mechanics and Analysis of Constructions, 1972, No. 1. — P. 58-61.

Varvak P.M. Application of elastic mesh to the calculation of high beams. The method of
finite differences [in Russian]. / Appendix to the Russian edition of the book: Markus G.
Theory of elastic mesh and its application to the calculation of plates and beam-free floors. —
K.: ONTI, 1936.

Varvak P.M. Calculation of rectangular plates on the action of edge moments [in Russian].
Prikladnaia Mekhanika, 1965. - V. 1. — No. 2.

Varvak P.M. Development and application of the grid method to the calculation of plates.
Some problems of the applied theory of elasticity in finite differences [in Russian]: Part 1,
1949. — 136 p.; Part 2. — K.: Publishing House of the Academy of Sciences of the Ukrainian
SSR, 1952. - 116 p.

Varvak P.M. Optimal outlines of shallow momentless shells [in Russian] Calculation of spatial
structures. No.IX -M.: Stroyizdat, 1964. — P. 187-200.

Varvak P.M., Guberman 1.0., Miroshnichenko M.M., Predtechensky N.D. Tables for the
calculation of rectangular plates [in Russian]. K.: Publishing House of the Academy of
Sciences of the UkrSSR, 1959. — 419 p.



86 ISSN 2410-2547
Omip MatepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2020. Ne 104
511. Varvak P.M., Varvak L.P. The grid method in the problems of calculating building structures

512.

513.

514.

515.

516.

517.

518.

519.

520.

521.

522.

523.

524.

525.

526.

527.

528.

529.

530.

531.

532.

[in Russian]. — M.: Stroyizdat, 1977. — 154 p.

Varvak, P. M. On an analogy in a plane problem [in Russian]. / Collection dedicated to the
seventy-fifth anniversary of the birth and fifty years of scientific activity of Evgeny
Oskarovich Paton // — K.: AN UkrSSR, 1946. —P. 279-289.

Vasilenko A.M. Calculation of spatial trusses of crane structures for torsion [in Russian]. —
Kyiv, AN UkrSSR, 1951. =51 p.

Veriuzhsky Yu.V. Application of the potential method for solving problems of the theory of
elasticity [in Russian]. — K.: KISI, 1975.— 76 p.

Veriuzhsky Yu.V. Numerical methods of potential in some problems of Prikladnaia
Mekhanika [in Russian] — Kyiv, Vyshcha shkola, 1978. — 183. p.

Veriuzhsky Yu.V. Structural modeling of RMBK-1000 at the stage of beyond design basis
accident [in Russian] Scientific and technical collection “Problems of the Chernobyl Exclusion
Zone”. No.6. — K.: Ministry of Emergencies, 1998. — P. 29-44.

Veriuzhsky Yu.V. The method of integral equations in the mechanics of deformable bodies [in
Russian]. — K.: KISI, 1977.—- 119 p.

Veriuzhsky Yu.V., Vinnik A.I., Dekhtiariuk E.S., Kovneristov G.B., Fialko Yu.l., Yaroshenko
E.V. Automated system for statistical processing of test results Strength of Materials and
Theory of Structures [in Russian], No.16. — Kyiv, Budivelnylk, 1972. — P. 263-264.
Verizhenko V.E. On the theory of nonlinear elastic layered shells with allowance for lateral
shear strains [in Russian]. Prikladnaia Mekhanika, 1984. — V. 20, No. 9. — P. 124-127.
Veryuzhsky Yu.V. Probabilistic and deterministic risk assessment extreme objects and
ecologically hazardous systems. Proceedings of the National Aviation University, 2003, Ne2. —
P. 46-57.

Veryuzsky Yu.V. Theoretical and practical methods for research of structures for extreme
environment // The First International Design of Extreme Environments Assembly. —
University of Houston. P/D/C. 3.1.2, 1991.

Veryuzsky Yu.V., Tokarevsky V. Analysis of the Risk Ecologically Hazardous Systems
Airports and their infrastructure: Materials V International. Science, Tech. conf. "Avia-2003".
Vol4. - K.: NAU, 2003. — P. 42.1-42.2.

Vladimirsky V.A. Accounting for current costs when optimizing structural parameters //
Improving welded metal structures -[in Russian], Naukova Dumka, — Kyiv, 1992. — P. 82-85.
Vlaikov G.G., Grigorenko A.Ya., Shevchenko P. N. Some problems of the theory of elasticity
for anisotropic cylinders with a non-circular cross section. [in Russian]. — K.: 2001. — 143. p.
Voroshko P.P. The construction of integral relations of the theory of elasticity and their
application to the problems of linear fracture mechanics. Problemy Prochnosti [in Russian]. —
2003. - Ne 6. — P. 85-92.

Voroshko P.P. To the construction of resolving FEM relations for problems of the theory of
elasticity. Report I. Problemy Prochnosti [in Russian]. — 1981. — Ne 10. — P. 76-78.
Yankelevich M.A. To the optimization of reinforced concrete floor slabs. Structural Mechanics
and Analysis of Constructions, 1981. — No. 5. — P. 9-12.

Zarutsky V.A., Palchevsky A.S., Spivak V.F. Experimental determination of frequencies and
modes of natural vibrations of truncated shells of revolution. Strength of Materials and Theory
of Structures [in Russian]. No0.62. — Kyiv: Budivelnyk, 1996. — P. 78-81.

Zdorenko V.P. Calculation of spatial bar reinforced concrete structures taking into account the
formation of cracks Strength of Materials and Theory of Structures [in Russian]. No. XXX. —
Kyiv: Budivelnyk, 1977. — P. 93-101.

Zhudin M.D., Strelbytska O.I. Plastic deformations in steel structures (experimental analysis of
the yield strength under bending) [in Ukrainian]. — K.: Publ. of the Academy of Sciences of the
Ukr. Soviet Socialist Republic, 1939. — 68 p.

Zhudin N.D. Bearing capacity of steel beams at repeated load // Proceedings of the Institute of
Structural Mechanics of the Academy of Sciences of the Ukrainian SSR, No. 18. — K.:
Publishing House of the Academy of Sciences of the Ukrainian SSR, No. 14, 1950. — P. 46-67;
No. 17, 1952. - P. 57-77; No. 18, 1953. — P. 37-46.

Zhudin N.D. Calculation of steel structures with plastic deformations // Proceedings of the
Kyiv Civil Engineering Institute. No. II. 1935. — P. 19-70.



ISSN 2410-2547 87
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2020. Ne 104

533. Zhudin N.D. Plastic deformations in steel structures. 1. The basics of the calculation [in
Ukrainian]. — K.: Publ. of the All-Ukrainian Academy of Sciences, 1935. — 218 p.

534. Zhudin N.D. Testing of columns models of the Palace of Soviets of the USSR. — K.:
Publishing House of the Academy of Sciences of the Ukrainian SSR, 1941. — 84 p.

535. Zhudin N.D. The work of continuous steel beams in the elastic-plastic stage with a moving
load // Proceedings of the Institute of Structural Mechanics of the Academy of Sciences of the
Ukrainian SSR, No. 18. — K.: Publishing House of the Academy of Sciences of the Ukrainian
SSR, 1953.

536. Zhudin N.D. Calculation of statically indeterminate pyramidal coatings // Collection dedicated
to the seventy-fifth anniversary of the birth and fifty years of scientific activity of Evgeny
Oskarovich Paton // — K.: Publishing House of the Academy of Sciences of the Ukrainian SSR,
1946. — P. 333-340.

Cmamms naodiiwna 28.05.2020

Bazhenov V.A., Perelmuter A.V., Vorona Yu.V.
KYIV SCHOOL OF THE THEORY OF STRUCTURES

The paper presents a review of more than a century-long history of Kyiv school of the theory of
structures. Particular attention is paid to the fundamentally new opportunities for the development of
the theory of structures in the era of numerical analysis. The publication contains a wide
bibliography.

Keywords: bar systems, stability, shells, structural mechanics, finite difference method, finite
element method, calculation model.

baocenos B.A., [lepenvmymep A.B., Bopona FO.B.
KHIBCBKA IIKOJIA TEOPII CIIOPY ]

CraTTs npHcBsiueHa aHamidy Oinpln HDK BikoBoi icropii KuiBebkol Iukoim Teopii cropyn.
OcobinBa yBara npuaiieHa MPUHIMIIOBO HOBUM MOXIIMBOCTSIM PO3BUTKY TEOpil CIOPYA B €HOXY
qucesbHOro anaiizy. ITyoumikarist MiCTUTB WHPOKY 6ibtiorpadiro.

Kia04oBi cjioBa: CTep)XHEBI CHCTEMH, CTiHKICTh, O0OJOHKH, OyiiBenbHAa MeXaHika, METOJ
CKIHYEHHHX Pi3HHIIb, METOJ CKIHYCHHUX CJIEMEHTIB, PO3paxyHKOBa MOJIEIIb.

V]IK 624.04

Baoicenos B.A., Ilepemvmymep A.B., Bopona FO.B. KuiBchbka mkoJa Teopii cmopyn // Omip

MaTepialiB i Teopis copya: Hayk.-Tex. 30ipH. — K.: KHYBA, 2020. — Bun. 104. — C. 3-88. — Auru.
Posenanyma icmopis eunuknenns i cmanosnenns Kuiecvkoi wikonu meopii cnopyd. Ocobausa

yeaza npudinena NPUHYUNOB0 HOBUM MOJICTUBOCHIAM PO3GUIKY MEOPIi CROPYO 8 eNoXy YUCETbHO2O

ananisy.

1. 29. Bibiorp. 536 Ha3s.

UDC 624.04

Bazhenov V.A., Perelmuter A.V., Vorona Yu.V. Kyiv school of the theory of structures // Strength
of Materials and Theory of Structures: Scientific-and-technical collected articles. — K.: KNUBA,
2020. — Issue 104. — P. 3-88.

The history of Kyiv school of the theory of structure birth and formation was considered.
Particular attention was paid to the fundamentally new opportunities for the development of the
theory of structures in the era of numerical analysis.

Fig. 29. Ref. 536.



88 ISSN 2410-2547
Omip MatepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2020. Ne 104

V]IK 624.04
baosicenos B.A., Ilepenvmymep A.B., Bopona FO.B. KueBckasi mIKoJia TeOPHU COOPY:KeHUi //
CorpoTuBII€HHE MaTEPUAIIOB U Teopus coopyxenuit. — 2020. — Boim. 104. — C. 3-88.

Paccmompena ucmopus 3apodicoenuss u cmanogienusi Kueeckoi wKkoawl meopuu coopydiceHuil.
Ocoboe enumanue yoereHo NPUHYUNUATLHO HOGLIM — GO3MOJICHOCHAM — DA3GUIMUSL  Meopull
COOPYIICEHUTl 8 INOXY HUCTEHHO2O AHANU3A.

Wi 29. buGnmorp. 536 Ha3s.

ABTOp (BYeHa CTyNeHb, BUeHe 3BAHHS, NOCANA): OOKMOP MEXHIMHUX HAYK, NPOecop, akademix
Hayionanvnoi axademii nedazoeiunux nayxk Ykpainu, 3asioyeau kageopu 0yOieenvHoi Mexauixu,
oupexmop H/I 6yoisenvroi mexaniku BAJKEHOB Bikmop Andpitiosuy

Anpeca podoua: 03680 Vkpaina, m. Kuis, I[losimpogromcokuii npocnekm 31, Kuiscokuii
HayioHanbHull yHisepcumem 6y0i6HUYMSEA i apXimeKmypu.

Pobounii Ten.: +38(044) 245-48-29.

MoOibHMIA Ten.: +38(067)111-22-33

E-mail: bazhenov.va@knuba.edu.ua

ORCID ID: http//orcid/org/0000-0002-5802-9848

ABTOP: O0OKMOp MeXHIYHUX HAYK, 20106HUll Haykoeuti cnispooimuuxk HBO SCAD Soft
Ilepenvmymep Anamoniti Bikmoposuu

Anpeca poboua: 03680, Kuis, Vkpaina, m. Kuis, eyr. Oceimu 3-a, ogic 2, SCAD Sof,
Ilepenvmymepy A.B.

Pobounii Ten.: +38(044)249-71-93;

Mooinbumii Ten.: +38(050)382-16-25;

E-mail: AnatolyPerelmuter@gmail.com

ORCID ID: http//orcid.org/0000-0001-9537-2728

ABTOP: KaHOUOAmM MeXHIMHUX HAYK, CMApuuli HAyKosutl CnipoOimuux, npogecop ragpeopu
6yoisenvnoi mexanixu KHYBA Bopona FOpiii Borooumuposuu

Anpeca po6oua: 03680, Kuis, Ilosimpogpnomcewkuii np. 31, Kuiscokuii nayionansHuil yHigepcumem
6yoisnuymea i apximexmypu, Boponi FOpiio Borooumuposuuy

Pobounii Ten.: +38(044)245-48-29

Mooinbumii Ten.: +38(050)750-13-61

E-mail: vorona.iuv@knuba.edu.ua
ORCID ID: http//orcid.org/0000-0001-8130-7204



ISSN 2410-2547 89
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2020. Ne 104

UDC 624.07+006.036

STRENGTH ANALYSIS IN REGULATORY DESIGN DOCUMENTS
AND COMPUTATIONAL SOFTWARE

A.V. Perelmuter,
Doctor of Technical Science

SCAD Soft Ltd
Office 1, 3a Osvity street, Kyiv, 03037, Ukraine

DOI: 10.32347/2410-2547.2020.104.89-102

Abstract. Modern building design standards have a long history. During this time, they have
undergone a number of changes, but some of their provisions and recommendations, once
proclaimed, remain unchanged. And although they do not meet the modern possibilities of
computational analysis, but continue to exist due to the established tradition. In this paper, attention
is paid to only some of the mentioned conflicts, which are related to the software implementation of
regulatory requirements. The first of them is connected with two different parts in the process of
design justification: calculation of the stress-strain state and verification of the accepted cross
sections. It is noted that when the calculation model adopted for computer analysis of the structure
does not correspond to the model that was meant when compiling the regulatory document, there
may be contradictions or inaccuracies that cannot be resolved without decoding the approach
adopted in the standards. Unfortunately, such a decoding is not provided in our rationing system.
Another group of conflicts is connected with conducting the structural analysis taking into account
geometrical and physical nonlinearity declared by standards. The matter is there are some problems
that cannot be solved when using nonlinear calculation, for instance, dynamic analysis using
eigenmode decomposition with the subsequent summation of modal reactions. The problem of
choosing an unfavorable combination of loads is also in this list. In the final part of the article some
proposals are formulated. This proposals aimed at eliminating contradictions between the desire to
develop simple and understandable design rules and the ability of modern computer to solve
problems without the use of dubious simplifications.

Keywords: load-bearing capacity, building codes, computer analysis.

Introduction. The experience of design activity in recent decades shows
that the development of automation of engineering calculations has the most
serious impact (unfortunately, both positive and negative) on the quality of
justifications for design decisions. The level of detail and accuracy of
calculation, which is now available to designers en masse, yesterday was still
unattainable even for the most qualified organizations and professionals. At the
same time, the availability of modern powerful computing systems creates a
number of new problems. One of them is the growing number of inconsistencies
between the capabilities of software systems, which are focused on a detailed
analysis of the work of structures, and the requirements of regulations, which
are focused on established experience.

Almost all modern tools of building design automation implement to some
extent the requirements of existing regulations. At the same time the inclusion
of regulatory requirements in software systems is not only a problem of their
developers, but also a problem of a wide range of users. The point is that users
have to understand which requirements for regulatory documents can and should

© Perelmuter A.V.
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be imposed on the relevant software, when deciding on its use. An almost
complete disarray takes place here today. Some users would like everything to
be implemented (including departmental, company and other detailed
instructions), others would like the developers to allow them to decide which
rules should be followed and which can be ignored, still others want detailed
references to justify regulatory requirements and etc.

Of course, one can rely on the following principle. The implementation of
regulatory requirements in the software must strictly adhere to the text of the
regulatory document. In cases where this is not possible in general (examples of
such a situation are given below), the program should refuse to perform the
appropriate function in the part that does not adequately reflect norms, notifying
the user. In this case, an accurate reflection of possible limitations of this kind in
the program documentation should be a prerequisite.

Another set of problems is due to the fact that modern software systems
focus on the use of universal provisions of such disciplines as the theory of
elasticity, the theory of plasticity, structural mechanics, etc. while some
provisions of the norms are based on simplified approaches, test results and
experience of operation of existing structures. But being presented in the
regulatory document, such provisions suddenly take advantage over
scientifically sound and more accurate solutions, which do not appear in the
codes only due to the complexity of calculations.

Almost all modern tools of construction design automation implement to
some extent the requirements of existing regulations. Meanwhile there are
certain problems of technical, legal and economic nature, which often arise due
to the fact that the developers of regulations did not forecast the possibility (and
necessity!) of their software interpretation.

Two interpretations of the concept of "calculation of structures"

The design justification of design decisions is a multi-stage process, in
which, at least, two main parts should be distinguished: calculation of the stress-
strain state (SSS) and verification of the accepted cross sections (or their
reinforcement). Unfortunately, this fact is not emphasized and when talking
about the calculation of structures is not always clearly stated what we are
talking about.

At the same time from the point of view of rationing the differences here are
fundamental: the calculation of SSS is the problem of structural mechanics and
this process in principle should not be the subject of rationing, while checking
the bearing capacity of sections is a conditional procedure aimed at achieving a
certain degree of safety. The rationing, i.e. the establishment of certain
requirements of society, is quite appropriate here.

Returning to the stage of the SSS calculation, we can say that only some
"permitting procedures", which establish acceptable simplifications of the
problem, can be controlled by the design code. It is important to note here that it
is a question of allowable simplifications, instead of their obligatory application
though in texts of regulatory documents this fundamental difference is not
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stipulated in any way. The question arises here about the inequality of the results
of the simplified calculation performed in accordance with design standards and
the possible result of a more accurate analysis.

It should be noted that modern software systems often have the ability to
perform the structure calculation in much more detail and accuracy than
required by regulations. Such details of the stress-strain state and such details of
the behavior of the structure under load can be found, which were not taken into
account by the authors of the normative document or, more often, taken into
account in the design standards by applying some special coefficient of working
conditions or other ways to take into account additional bearing capacity. Since
these techniques are not deciphered in detail in the regulations, the
corresponding feature may be taken into account twice: the first time in the
framework of computer simulation and the second time in the regulatory
verification, which is performed using the above additional coefficient. As a
result (and this has happened many times) a project with a more thorough
calculation justification will be less economical than a rougher calculation
according to the standards.

The situation may be even more complicated when the normative document
provides for a calculation procedure in which some empirical correction factors
are used. A typical example is the standards for seismic analysis of structures
[3], where the results of the response specrtum method are adjusted by the
reduction factor K;, which is introduced to take into account the plastic behavior
and local damage. Since the degree of plasticization of structural elements and
the amount of local damage is not specified, it remains unclear what to look for
when using other methods of calculation (direct integration of equations of
motion, deformation method of checking the ultimate forces, etc.).

Another example is the calculation for temperature effects. The fact is that
the design standards of structures set the maximum distances between the
temperature seams (see, for example, section 1.13.2 16 of the State Building
Codes of Ukraine DBN B.2.6-198: 2014 [6]). Traditionally, it is considered that
the calculation of temperature effects can be omitted when a compartment
length does not exceed these limits. But it has been repeatedly detected that such
a calculation leads to the conclusion of a significant overstrain of the load-
bearing structures, which causes surprise and numerous discussions.

The discovered contradiction is due to the fact that the standard calculation
models of force calculation do not take into account some flexibility of the
nodal joints (for example, slippage of the base of the steel column on the
foundation within the black holes for anchor bolts). Such shifts, which are
absolutely insignificant under force loading, are decisive under the kinematical
influence of the thermal deformation type. Their values may be compared with
thermal elongations and they dramatically affect the stress-strain state. Here, the
rules, which are based on many years of practical experience, are "smarter" than
traditional analysis.

Thus, it can be stated that if the calculation model adopted for computer
analysis of the structure does not correspond to the model that was meant when
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compiling the regulatory document, there may be contradictions or inaccuracies
that cannot be resolved without decoding the approach adopted in the standards.
Unfortunately, such a decoding is not provided in our rationing system.

On regulation of calculation methods

Although the science of "structural mechanics" can not set standards, if we
keep in mind the methods and rules of calculation, but when it comes to
choosing a calculation model, the question is not so clear.

The fact is that the design standards are a chain of trade-offs, where some
inaccuracies in the calculation of some parameters (e.g., internal efforts in the
system) are offset by safety factors embedded in other parameters (e.g., in the
design strength). In addition, the method used by the authors of the rules can be
based on a certain calculation model, and this model occurs to be specified in
the normative document.

Traditionally, building design standards have focused on certain set of
calculation schemes. Most often, these were plane bar systems loaded in one
plane or in mutually orthogonal planes and operating in a uniaxial stress state.
Spatial structures, especially of shell type, are considered much less often.
However, they are almost standard when calculating using software. And here
there is a certain imbalance of possibilities, when many cases, normalized for
traditional calculations, are simply absent for the calculations of spatial systems.

As an example, let us mention the fact that the design standards for steel and
reinforced concrete structures provide a material stress-strain diagram only for
uniaxial state and there are no recommendations for assessing the performance
of structures in 2D or 3D stress state. In this case, the normative documents on
the design of reinforced concrete structures, which are calculated by a nonlinear
deformation model, for example, are focused on checking the values of ultimate
deformations, but such criteria are given only for uniaxial stress state. How they
should be transformed with respect to the 2D stress state is completely unclear.
After all, there is no theoretical justification for the use of deformation criteria
here. Moreover, any theory of plasticity is based on the concept of the boundary
surface in the stress space, whereas the concept of the boundary surface in the
space of deformations simply does not exist.

Another problem concerns the interpretation of the results of the spatial
calculation model analysis in accordance with the regulatory documents. So, for
example, for bar elements we receive six internal forces and N, M,, O,, M,, O,,
M, instead of three N, M, Q and even if any element works "in plane" that
nonzero values (probably small on size) can have all six internal forces. How
small must be certain forces, so that they can be neglected, is not specified.

For example, the concept of a beam used in [6] and [5], obviously implies
the ability to neglect the influence of longitudinal force in comparison with the
influence of moments. But if in the first case for steel structures in 1.6.2.2 there
is a record that for the value of the given relative eccentricity m, > 20 the
calculation can be performed as for the bent element (i.e. to neglect the
influence of longitudinal force), then for reinforced concrete structures such
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idealization is not defined. And for steel structures, the limit m, = 20 is
specified to test the stability, and whether this recommendation of standards
allows a common interpretation is unknown.

Of course, a competent engineer can determine this limit in each case, but
some rule is required for the software implementation, and its absence creates a
situation for unnecessary controversy.

The above is a fairly typical situation when the normative document contains
some information (for example, tabular values), but in the program it is more
profitable to calculate them than to borrow it from the table. What degree of
disagreement is permissible (or non-existent) is the subject of many meaningless
discussions. But the requirements of design norms are not laws of nature, they
only approximate these laws with one or another degree of accuracy.
Unfortunately, information about the errors that are permissible according to
regulatory documents can be found nowhere. The only exception that can be
found is the use of 10.0 instead of the exact value of the acceleration of gravity
9.81 when converting the normative values of loads from kPa in kgf/m” in
building regulations SNiP 2.01.07-85* of 1985 edition or 0.1 instead of 1/a” in
the formula (108) of building rules SP 16.13330.2017.

The problem of joining results at conditional borders is connected with the
delimitation of basic concepts. Since some simplifying hypotheses were used in
various variants of the stress-strain state, belonging to one or another category
of normalization (compressed-bent bar, bent beam, etc.), it is often difficult to
implement a smooth border crossing.

Especially many problems are connected with necessity (possibility,
desirability?) of performance of the general static calculation taking into account
geometrical and physical nonlinearity declared by standards.

For example, in State Building Codes of Ukraine DBN B.2.6-198: 2014 [6]
it is formulated as "5.3.6... Steel structures should, as a rule, be calculated as a
entire spatial system taking into account the factors that determine the stress
and strain state if necessary, taking into account the nonlinear properties of the
design schemes".

And at the same time there are such statements: "When dividing the system
into separate elements, the design forces (longitudinal and shear forces,
bending moments and torques) in statically indeterminate structures may be
calculated without taking into account geometry changes and with the
assumption of steel elasticity ... Calculation of statically indeterminate
structures as entire systems can be performed using deformed model within the
limits of elastic work of steel".

However, the following question remains unclear. Is it possible to apply the
results of the calculation which was performed taking into account geometry
changes if it concerns the coefficient of longitudinal bending ¢? This coefficient
is of great importance for the stability of compressed steel rods analysis and
calculated using deformed model (but for the element, not entire system).
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Problems that cannot be solved when using nonlinear calculation

For a number of computational cases that inevitably arise in the actual
design, regulations establish rules necessarily requiring a linear approach to
solving the problem. An example is dynamic analysis closely related to such
concepts of linear dynamics of structures as the frequency and mode of the
natural vibrations of the system. For a nonlinear system, the very concept of
individual forms of natural oscillations disappears and all recommendations
based on this (i.e. the procedure of decomposition of motion into a superposition
of normal modes) lose their meaning.

An alternative approach suitable for accounting for nonlinear effects is
sometimes (though rarely) present in standards, such as direct dynamic
calculation by instrumental or synthesized accelerograms, but more often it is
not only not mentioned, but simply not developed. Analysis of the response to
the pulsating wind loadings can be typical here.

Another problem that is not solved in the nonlinear analysis is the problem
of choosing unfavorable load combination. In practice, there are virtually no
structures that work only on one load option. It is usually necessary to anticipate
the possibility of the occurrence of many temporary loads and, therefore, it is
necessary to somehow determine their estimated combination. This problem has
a solution with a linear approach to the calculation, when you can use the
principle of superposition. If you focus on nonlinear analysis, then at the same
time you should specify for which combination of loads you should perform
strength and stability analysis. This type of instructions in regulations is often
missing.

Stable equilibrium

Examination of the equilibrium stability of the complex bar type structure in
the general case requires the calculation accounting the geometric nonlinearity
and inelastic operation of the structural elements. Calculation of this type, in
addition to computational complexity, also requires overcoming a number of
other difficulties associated with the great uncertainty of the design assumptions
(patterns of load change, idealization of material properties, initial irregularities,
residual stresses, etc.). In this regard, in engineering practice there is a tradition
of performing an idealized elastic calculation of the stability of the system as a
whole in combination with checking individual elements for which more
detailed account of the inelastic behavior of the material, initial bends and
eccentricities and other circumstances is performed.

Most often, the stability problem is replaced by a refined calculation of the
deformed model with increasing bending moments in compressed bars or other
similar way by multiplying by some buckling length coefficient ¢ or coefficient
of bending moments increasing nN=1/(1-N/Ner). The critical value (in the sense
of loss of stability) of the value of compressive force takes part in the choice of
the value of these coefficients and this fact ties the calculation of the deformed
model to the stability analysis of the idealized model.
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A natural question arises about the relationship between these two
approaches. To what extent and for what purposes can their results be used
separately and what is the link between them? It is believed that the bridge that
combines these two approaches will be the buckling lengths of the elements of
the system. Therefore, the fundamental question is of the method of determining
the buckling lengths.

Note also that the use of the concept of buckling length involves the division
of bar type systems into separate elements, it is necessary to take into account
the interaction of the element with the foundation and other elements (primarily
adjacent to it in the nodes).

The buckling length of the bars of the same system is different for different
combinations of loads, although in design practice usually use a simplified
approach (it is allowed, for example, by paragraph 13.3.2 of [7]), according to
which it is allowed to determine the buckling lengths only for such a loads
combination, which gives the largest values of longitudinal forces, and the
resulting value is used for other loads combinations. It is implicitly assumed that
there is a combination in which the compressive forces in all elements take the
maximum values. But it is easy to imagine an example of a design where this
assumption is not fulfilled and, therefore, the problem of choosing a
combination of loads to the stability analysis is still relevant.

The logic of most of the standards recommendations is focused on flat
computational models or, at least, on a separate consideration of the spatial
scheme in two orthogonal planes. If we turn to spatial systems, they may have
difficulties of a completely different kind, associated with the use of the concept
of flexibility in the two orthogonal planes of inertia of the bar element.

Following the classical approach of F.S. Yasinski, the buckling length of the
bar is usually understood as the conditional length f a simple bar, the critical
force of which when hinged its ends is the same as for a given rod. In terms of
physical content, the buckling length of the bar with arbitrary fixings is the
largest distance between two inflection points of the bent axis, which are
determined from the stability analysis of this bar by the Euler method.

In the works of Yasinski himself and in numerous subsequent works, where
the concept of the buckling length of the bar appears, the use of plane
calculation models and, accordingly, plane deformation models is implicitly
implied. Only for them it makes sense to consider the distance between the
inflection points of the curved axis, taken as the calculated length.

Since even for plane models, the buckling length of compressed bars should
be determined both in the plane and from the plane of the system, then here
there is a mismatch with the definition of F.S. Yasinski. Indeed, imagine a
spatial cantilever bar in which the cross section has moments of inertia J, and
J,=4J,. Under central compression, such a bar loses stability under load
P, =°EJ. /(21 (Lz,=21).

From the point of view of standards, apparently, it is possible to imagine a
situation when two calculations on stability are performed during which
deformation in one or in another main plane of inertia is alternately forbidden
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(for example, considering that J,=co and then J,=o) , and after that the
coefficients of the buckling length p, and p, are determined. But, as far as we
know, for any complex systems, such even calculations in design practice are
not performed.

Other problems arise when in the spatial system the main axes of inertia of
the elements are not parallel to each other and the mode of stability loss, as well
as the free lengths, is dependent on the orientation of these axes.

A fairly typical example is shown in Fig. 1, which shows the modes of
stability loss and values of critical loads for two structures, which differ in that
the cross-sections of the struts have different orientations of the main axes of
inertia.

The model showed in Fig. 1 (a) has the coefficient of the buckling length in
the plane of minimum rigidity p, = 0,597, while the model showed in Fig. 1 (6)

has p, =0,523. In the first case, the loss of stability mode is such that all the

column are deformed in the plane of least rigidity. In the second case such
deformation is observed only in two columns while the other two are deformed
in the plane of greatest rigidity.

It should be noted that the solution of F.S. Yasinski refers to an elastic
centrally compressed bar of constant cross-section, which when lost stability
buckles in the form of a plane curve. Since the magnitude of the free length does
not depend on the transverse load and is determined only by boundary
conditions, this concept has been extended to elastic eccentrically compressed
elements that bend in one of the main planes of inertia. Therefore, the in plane
bending is implicitly assumed, because only in this case it makes sense to
consider the distance between the inflection points of the bent axis, taken as the
buckling length.

P=415,27 lp=514‘2€

eoPpecase J

P=415,27
P=415,27 l i

(@) (b)
Fig. 1
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However, even a single bar can lose stability by having a spatial bending
curve that occurs, for example, when the ends of the bar have cylindrical hinges
whose axes are not parallel to each other [2]. Another example that limits the
scope of the classical concept of the buckling length is the case of the torsional
mode of stability loss. A number of other examples that indicate the difficulties
arising here are given, for example, in [9].

However, the convenience of using the concept of the buckling length has
made this method extremely popular, in almost all countries it is included in the
regulations governing the verification of the bar structures equilibrium stability.

The buckling length of the elastic bar was used for normative calculation in
the inelastic stage of the bar loading. It should be recognized that there is, in
fact, no clear theoretical justification for this, and it should be considered a
heuristic technique. And the widespread use of this technique is most likely due
to the fact that engineers needed at least some practical method of calculating
the bar structures for stability. Therefore clarity, associated with the solution of
the simplest problems, replaced the reasoning of accuracy.

Dynamic calculations

Almost all regulations in the field of dynamics focus on the use of
decomposition into modes of natural vibrations. Thus, the use of linear
equations is implicitly assumed, and only in a few cases do software systems
consider the linearized behavior of a nonlinearly deformable structure, i.e.
analyze small oscillations around the deformed equilibrium position.

When focusing on the eigenmode decomposition, many regulatory
documents indicate the number of eigenvalue forms to be taken into account,
with no indication of the calculation model used. As a result, it has repeatedly
happened that the first few natural frequencies (namely they are recommended
to take into account by the standards) determine the local partial modes of
motion, while the main mode of deformation is not the first.

The second problem of dynamic calculations, which is often mentioned
indirectly by regulations, is the excessive simplification of dynamic models.
This simplification due to tradition is often perceived as a characteristic of real
behavior, which can lead to misunderstandings. Thus, the long-standing habit of
using the cantilever calculation model in the seismic analysis has led to the fact
that the detection of torsional vibrations as one of the lower is treated as a
shortcoming, although no one could indicate what is the defect of this design.

It is necessary to mention one more aspect of dynamic calculations using
eigenmode decomposition. It is associated with summation of modal
contributions, which often follows the well-known "root-sum-squares" (RSS)
rule. But this approach is based on the hypothesis that all modal reactions are
normally distributed random variables with the same correlation coefficients,
which is consistent with many observations, although not an established fact.
Therefore, the absolutization of the RSS rule is rather doubtful. An example is
the calculation using the accelerogram in those models where the equations of
motion are solved by eigenmode decomposition, and summation fulfilled
according to the RSS rule. But if the integration of equations of motion is
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performed, for example, by the Adams method, then we come to a completely
different result. Nevertheless, since one and the same problem was solved, the
result should not depend on the method of its solution.

The summation of internal forces, which are calculated by the usual rules for
each of the eigenmodes, is also performed by the RSS method, but there may be
another disappointment. The use of modules of moments, longitudinal and shear
forces leads, for example, to disappearing of compressed-bent bars, that is all of
them become stretched-bent. Similar effects of sign loss are possible in shell-
type elements. To overcome this phenomenon in some software systems, the
total values of internal forces are assigned signs, as in similar forces
corresponding to the first eigenmode. It is difficult to substantiate such an
approach, even if we assume that it is the first eigenmode that realizes the main
contribution to the total value of each of the components of the response vector.

Accuracy requirements

Verification of compliance with structural design standards sometimes leads
to uncertainties or errors due to the fact that the standards describe only one load
or one stress-strain state. Detailed recommendations are given for this isolated
situation, and in such a "ultimate" formulation (for example, as a calculation
formula), which does not allow to understand what type of assumptions and
simplifications were used. But in the real calculation it may be necessary to
consider a less refined case and then there arise a number of difficulties.

As an example, we can point to the stability analysis of the plane bending of
steel structures. The coefficient @, the value of which is calculated in
accordance with DBN B.2.6-198-2014 and depends, inter alia, on the location of
the load within the beam height of (see table N4). But it may happen that the
calculated combination of loads contains loads located both above and below
the beam. In this case, the direct use of the rules becomes impossible.

If we take the opportunity to study the shell model of a thin-walled bar and
with sufficiently detailed modeling to solve the problem of plane bending
stability using the finite element method, it turns out that in the case of exact
coincidence of loading options with the normative situation, we will get a
solution. which does not coincide with the provisions of the design codes. This
is because some approximations of exact expressions were laid down in the
formulas of the appendix N [7], by means of which the coefficients ¢, are
calculated. The discrepancy may be small, but the rules by which they can be
considered acceptable are unknown.

What degree of discrepancy is acceptable is the subject of much nonsensical
debate. But the requirements of design standards are not laws of nature, they
only approximate these laws with one or another degree of accuracy.
Unfortunately, nowhere can be found information about the errors that allowed
by the authors of the standards. The only exception that can be found is the use
of the value of 10,0 instead of the exact value of the acceleration of gravity 9,81
when translating the normative values loads from kPa to kgf/m” in building
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regulations SNiP 2.01.07-85* of 1985 edition or 0,1 instead of 1 /@’ in the
formula (108) of building rules SP 16.13330.2017.

The problem of permissible discrepancy of results arises when the rules have
some alternatives. The developers themselves were more likely to compare the
results (if any) for a "typical case", but such a comparison does not follow a
good correlation of the results in any case. An example is the analysis of
methods for determining the width of cracks presented in [21], when the use of
different alternative solutions, allowed by the standards showed more than 59%
variance of the results.

There should be some measure which allow estimate the result of the
comparison. After all, in engineering calculations there is no complete
coincidence of results. The generally accepted norm of similarity in the form of
a five percent discrepancy must also be specified and it is necessary to know to
what results (displacement, effort, etc.) and to what values (extreme, average or
other) it should refer. This problem would be greatly mitigated if the
comparison was conducted only by the designer. However, submitted to the
experts, such comparisons will be the subject of numerous and often pointless
discussions.

Programming as a means of controlling a regulatory document

In the pre-computer period, the vague or ambiguous recommendations,
although they were evil, but this evil was not as dangerous as it is today. Today,
formal compliance with the rules in the software package is hidden from the
eyes of the end user, and an unambiguous interpretation of the new paragraphs
of the rules is primarily needed by software developers. And these points
themselves should be set out in the wording, which should be in the nature of a
clearly defined algorithm of action. It seems to us that this cannot be achieved
without certain organizational changes.

Software implementation of the normative document is a good test
procedure, which reveals discrepancies, logical inconsistencies, incompleteness
and vagueness of the formulation and other shortcomings of the draft rules, in
particular, compatibility with computer methods of analysis. As an example, we
can refer to the construction of the bearing area of the element taking into
account the full range of proposed requirements [11, 16] which revealed some
inconsistencies that lead to the rupture of the boundary and non-convexity of the
permissible loads area. The construction of this area is based on the analysis of
calculations that contain several hundred variants of the internal forces values.
Such mass verification was simply impossible in the era of manual arithmetic.

In addition, programming reveals those aspects of the normative document
that are not formulated explicitly, as the developers of the norms focused on a
qualified user who can independently decide on the use of a provision, based on
the specifics of the calculation situation. This is not possible for a computer
program, so it will definitely be installed during programming.

It is important that such verification work is performed without the
participation of the developers of the regulatory document, which would ensure
the purity of the experiment.



100 ISSN 2410-2547
Omip matepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2020. Ne 104

Possible actions

How can the contradiction between the desire to develop simple and
understandable design rules (traditional approach to rationing) and the ability of
modern computer systems to solve problems without the use of dubious
simplifications (modernist approach) be eliminated?

It seems to us that two solutions are possible here:

* develop different versions of regulations for manual and computer
calculation;

* create a special regulatory and methodological document on the rules for
implementing the requirements of design standards in software.

The first option can be implemented in the traditional form, when
formulating general requirements and necessary hypotheses, based on which one
can create a software implementation. After that there appears a text such as
"allowed ...", which presents a simplified version of the standardized provision.

And in the second option, the document should reflect:

* requirements for accuracy of calculations and permissible deviations from
the literal implementation of regulatory guidelines;

* the procedure for verification and coordination with the authors of the
standards concerning methods of numerical solution of design problems, which
expand the possibilities of verifying regulatory requirements, but not available
for manual calculation;

* requirements for software developers to inform users about the peculiarities
of the implementation of regulatory requirements in case of deviation from their
literal implementation.
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Ilepenvmymep A.B.
PO3PAXYHKU HA MIIIHICTh B HOPMATUBHUX JOKYMEHTAX I IPOI'PAMHUX
3ACOBAX

CydacHi HOpMH OyIiBENIBbHOrO NMPOCKTYBAHHS MAIOTh BXKE JOCHTh JOBTry icropito. 3a mei gac
BOHHM 3a3HAJU PsA 3MiH, ajie AesKi IX MMOJOXKEHHS Ta peKOMeHAallii, Oyay4n pa3 MporoyomeHIMH,
3aJIMIIATHCA He3MiHHl/lMl/l. 1 Xo4a BOHHU HE Bi):ll'lOBi):la}OTb Cy4YaCHUM MOXXJIMBOCTSAMH
PO3paxyHKOBOI'O aHaJi3y, ajie IPOJOBXKYIOTh CBOE iCHYBaHHS B CHIIy C(POPMOBAHOI Tpaauiii. ¥ i
pobOTI 3BEpTAETHCS yBara JMIIE Ha ACAKI i3 3rajlaHux KOJi3ii, sKi MOB'sA3aHi 3 MPOrpaMHOI0
peatizanielo HOPMaTHBHUX BUMOT.

Karou4oBi ciioBa: Hecyya 34aTHICTh, Oy/IiBeJIbHI HOPMHU, KOMIT FOTEPHHN aHaIIi3

Perelmuter A.V.
STRENGTH ANALYSIS IN REGULATORY DESIGN DOCUMENTS AND
COMPUTATIONAL SOFTWARE
Modern building design standards have a long history. During this time, they have undergone a
number of changes, but some of their provisions and recommendations, once proclaimed, remain
unchanged. And although they do not meet the modern possibilities of computational analysis, but
continue to exist due to the established tradition. In this paper, attention is paid to only some of the
mentioned conflicts, which are related to the software implementation of regulatory requirements.
Keywords: load-bearing capacity, building codes, computer analysis.

Ilepenvmymep A.B.
PACYETHBI HA ITIPOYHOCTH B HOPMATUBHBIX JOKYMEHTAX U
MMPOI'PAMMHBIX CPEACTBAX

COBpEMEHHbIE HOPMBI CTPOMTEIBHOIO IMPOSKTHUPOBAHUS HMEIOT YK€ JOBOJIBHO JIMHHYIO
UCTOPHUIO. 3a 3TO BpeMsl OHU IPETEPIENd psijJg M3MCHEHHH, HO HEKOTOPbIE HX IOJIOKCHHUS |
pEKOMEHJaluK, Oyaydd pa3 MPOBO3IJIALICHHBIMH, OCTAOTCS HEW3MEHHbIMH. M XOTS OHHM He
COOTBETCTBYIOT COBPEMEHHBIM BO3MOJKHOCTSIMM PAacu€THOrO aHajM3a, HO IPOAOJDKAIOT CBOE
CYILIIECTBOBAHME B CHIIy CJIOXKHMBILIEHCS Tpaguluu. B 310t pabore oOpaiaercsi BHUMaHHE JIMIIb Ha
HEKOTOpbIC U3 YNOMSHYTHIX KOJUIM3UH, CBSI3aHHBIX C HNPOrPaMMHOM peajn3alueidl HOPMAaTHBHBIX
TpeGOBaHUI.
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Platform-vibrators are the main molding equipment in the production of precast concrete
elements. Shock-vibration technology for the precast concrete production on low-frequency resonant
platform-vibrators significantly improves the quality of the products front surfaces and the degree of
their factory readiness. This technology is used to produce large elements.

We describe the creation of a mathematical model for platform-vibrator that uses shock to
produce asymmetric oscillations. The values of the upper and lower accelerations of the mold with
concrete have different values with shock-vibration technology.

The created mathematical model corresponds to the two-body 2-DOF vibro-impact system. It is
strongly nonlinear non-smooth discontinuous system. It has some peculiar properties, namely: the
upper body with very large mass breaks away from the lower body during vibrational motion; both
bodies move separately; the upper body falls down onto the soft constraint; the impact that occurs is
soft one due to the softness and flexibility of the constraint. The soft impact simulation requires
special discussion. In this paper, we simulate a soft impact by a nonlinear contact force in
accordance with the Hertz quasistatic contact law.

The numerical parameters for this system were chosen in such a way that: firstly they provide
the fulfillment of requirements for real machine, and secondly they allow analyzing its dynamic
behavior by nonlinear dynamics tools. The created model is well enough to fulfill a number of
requirements, namely: T-periodic steady-state movement after passing the transient process; the
appropriate value of mold oscillations amplitude; the satisfactory value of the asymmetry coefficient
that is the ratio of lower acceleration to the upper acceleration. We believe that the created model
meets all the necessary requirements.

Keywords: platform-vibrator, shock, vibro-impact, mold with concrete, upper and lower
accelerations.

1. Introduction

Molding processes are one of the most important in the manufacture of
reinforced concrete structures. Now vibration and shock-vibration technologies
for concrete mixtures compaction and concrete products molding have the
greatest distribution in the construction industry. This priority is likely to
continue in the future. Therefore, the issues of optimizing vibration modes,
proper selection of vibration equipment do not lose their significance [1].

© Bazhenov V.A., Pogorelova O.S., Postnikova T.G.
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At the end of the last century 60s extensive technological researches began
to optimize the molding modes. Gradually, it became clear that low-frequency
compaction modes have undoubted advantages: they allow obtaining high-
density concrete with a shorter compaction time. The asymmetric modes turned
out to be very effective. The values of the upper and lower accelerations have
different values under these regimes. Such modes are called shock-vibrational,
and technology — shock-vibration. For their implementation, low-frequency
resonant platform-vibrators were created. In recent years, shock-vibration modes
have been widely used in various fields of technology.

Shock-vibration technology for the precast concrete production on low-
frequency resonant vibratory platforms significantly improves the quality of the
products front surfaces and their factory readiness degree. Platform-vibrators are
the main molding equipment in the production of precast concrete elements [2].
Such equipment are produced in several factories in Russia.

Studies have confirmed that low-frequency resonant vibration platforms and
shock-vibration technology allow to obtain higher quality products in
comparison with other vibration platforms.

A complex process of concrete mixture particles interaction with each other
occurs under vibration influence. Many aspects of this process are not well
understood.

The proposed models and the corresponding equations of the concrete
mixture state, the criteria for the compaction effectiveness and the front surfaces
quality remain debatable [3].

Many experiments have been conducted to study various aspects of the
concrete compaction process.

The magnitude of the working body acceleration w was taken as one of the
most important factors affecting the compaction process. It determines the
values of dynamics strengths in machine elements to a large extent. So, it links
technology process characteristics and strength machine characteristics.

If the working body makes asymmetric oscillations, it is advisable to take

into account the upper acceleration w,, and the lower onew, . Upper

acceleration is the acceleration of the mold with concrete at its highest position,
and lower acceleration is the acceleration of the mold in its lowest position [4].

Studies were carried out at various values of the working body oscillations
frequency.

Experiments with concrete mixtures of other compositions have confirmed
that the concrete macrostructure formation is faster and better at a lower
frequency and increased amplitude of the working body vibrations.

The goal of the paper is to create a mathematical model of platform-vibrator
with shock and to select its numerical parameters so that:

a) the model maximally corresponded to the requirements for a real machine;

b) the model made it possible to analyze its dynamic behavior using
nonlinear dynamics methods.
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2. Two body platform-vibrator with shock

When developing resonant vibratory machines, designers have to take into
account a large number of various requirements presented by modern production
to new equipment. The realization of close to optimal operating mode is one of
the most significant and fundamental. Its successful implementation is largely
determined by the successful choice of the principle vibro-machine scheme and,
as a consequence of this, its design scheme.

The specifics of many dynamic schemes was carefully analyzed in the work
on resonant vibratory machines for compaction of concrete mixtures. It turned
out that the conditions for optimal functioning can be satisfied by relatively
simple two-mass systems. The creation of vibroforming machines with the
number of main moving masses more than two is impractical, since this leads to
an unjustified complication of the machines design.

The two-mass platform-vibrator with shock is one of the successful solutions
for vibration equipment that implements shock-vibration technology for
concrete mixtures compaction and reinforced products molding [5]. Its
principled scheme is shown in Fig.1.

=

I T T e o o o e T T Y T T e e

Fig.1 Principled scheme of platform-vibrator:
1 — working body; 2 — mold with concrete; 3 — vibration exciter.

The shock-vibration platform of block type consists of separate blocks on
which rubber plates limiters are fixed. The mold with concrete mix is installed
on the stops without fastening. With oscillations, the mold breaks away from the
limiters and then falls on them. The mold collides with the limiters with
oncoming movement. Two general vibration exciters are installed on each
block.

One of the most important factors affecting the compaction process is the
value of the working body acceleration w. More precisely, the ratio of the lower
acceleration w, to the upper w;, is important.

This can be explained as follows. With vertical oscillations, separation of the
mixture from the pallet is possible only when the inertial forces applied to the
particles of the concrete mixture act upward. The mixture is pressed to the mold
pallet when inertial forces on the particles act downward [4].

The process of concrete mixture compaction is made more intensive due to

such asymmetric vertical form vibrations. Accelerations w,, that tear off
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mixture from the form pallet become smaller, and the pressing accelerations w,

become larger with such oscillations. These asymmetric vibrations can be
obtained precisely in shock-vibration compaction machines [4].

It is necessary to take into account the influence of concrete mix on the
machine dynamics when calculating vibration compaction machines. So, it is
necessary to consider the compacting machine and concrete mixture as a single
dynamic system. But the concrete mixture is a complex viscoplastic medium. It
has some elastic properties in the presence of air (especially in the initial period
of compaction). All this makes it extremely difficult to solve a single dynamic
system “compacting machine — concrete mixture”. The question about the
nature of the machine interaction with the medium being processed remains the
most complex and least investigated. However, the influence of the concrete
mixture can be taken into account as an attached mass and some additional
damping when practical calculating and, in particular, determining the
amplitude-frequency responses of a vibratory machine [3].

The forces of resistance, despite their relative smallness, play a significant
role in resonant and close to them oscillation modes. These forces are "used" by
the system to compensate the energy coming from the external load. Therefore,
it is necessary to take into account the resistance force in the resonance zone.
They have not significant effect on the result outside this zone.

The attenuation coefficients are calculated from experimental data. One can
assume that the dissipation energy is relatively small and significantly affects
only on the resonating harmonic. Such an assumption may simplify the problem.
However, accounting for energy dissipation in elastic elements is very important
when studying the vibrations of an elastic system in the resonance region.
Internal friction is determined by a number of factors. Their influence is difficult
to take into account directly. There are many hypotheses to describe dissipative
forces. The most widely used is the Kelvin-Voigt hypothesis. It is often called
the viscous friction hypothesis. It suggests that dissipative forces are
proportional to the strain rate of elastic bonds [6].

The parameters of the exciting force and of the system (the mass of the
frame with the mold and concrete mixture, the stiffness coefficients of the
vibration limiters, etc.) are selected so that the machine operating mode is close
to resonant. That is, so that the natural frequency of the system is close to the
frequency of the exciting force.

Resonant vibration platforms have wide possibilities for regulating the
modes of working body oscillations. One can change both the amplitude and
frequency, and the very law of working body oscillations in the machine tuning
process.

The presence of two main moving masses allows us to solve two problems:
to provide the necessary law of working body movement and to create an
effective vibration isolation system. This can be achieved by appropriate
selection of the elastic bonds characteristics.
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One of the main disadvantages of resonance modes is associated with high
system sensitivity to a change in its parameters, which is due to its strong
nonlinearity. One can observe such sensitivity in real vibratory machines due to
changes in the technological load mass, the characteristics of shock dampers and
SO on.

The calculation schemes for determining the amplitude-frequency responses
of resonant vibration machines are based on assumptions usual to most applied
problems of the oscillations theory. The main moving masses are assumed to be
absolutely rigid. The masses of elastic bonds are not taken into account due to
their relative smallness. Conditions guaranteeing single-axis motion are also
fulfilled.

Such assumptions turn out to be quite acceptable and do not introduce
significant errors in the final results of resonant vibratory machines calculating.

3. The mathematical model of platform-vibrator with shock

The calculation scheme of platform-vibrator is shown in Fig.2. Exciting
force F(t)=Pcos(ot +¢,), its period is T = 27/ o .

Platform shock table with

is attached to the base by m ™~ Y
2

linear vibration isolating spring of F(?) i T -
stiffness &, and a linear dashpot hie ko NEH <

mass m

m
with damping factorc, . Exciting 2 % t+lc
1 1
external periodic force F(¢) is
generated by electric motors Fig.2

mounted under the table. Elastic
rubber gasket with thickness 4 and stiffness & is attached to the table. A linear

dashpot with damping factor ¢, is placed between the table and the mold. Mold
with concrete with mass m, is placed on the gasket but is not fixed both to the

gasket and to the table. So it can tear herself away from the gasket and bounce.
The machine starts their movement when the electric motors begin their work.
First, the table and the mold move vertically together. Then the mold comes off
from the gasket. The table and the mold are moving separately until the mold
falls down onto the rubber gasket. Impact occurs. The bodies move together
again until the mold comes off the gasket and so on.

This shock-and-vibration machine is two-body 2-DOF vibro-impact system.
The model has the following features: a large mass of the falling body — mold
with concrete; softness, flexibility of one contacting surface — rubber gasket;
separation of the one body (mold) from another (table with gasket) and their
separate motion. One can consider the impact between mold and table with
gasket as soft one because of the softness, flexibility of the rubber gasket.

Thus, we consider three states of the platform vibrator: the initial joint
movement of both bodies, separate movement in case of loss of contact between
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them, and joint movement during the impact due to the form falling onto the
gasket.

The forces acting on the bodies are as follows.

The elastic force in spring is

Fy = kAL =k (=) M
The elastic force in rubber gasket is
Fio=koAly =ky[h—(y, —y)]. (2)

The origin of coordinate y is chosen in the table centre in the state of static
equilibrium. The static deformation of spring is

(m, +m,)g
hy=———- @)
k,
The damping forces are taken to be proportional to the first degree of
velocity:

Fdampl =< -).}] ’ FdampO = cO-)'}l . (4)

The influence of the concrete mixture can be taken into account as some
additional damping ¢, y, .
Then the primary joint movement of the table and the form until the first
separation is described by the equations:
myy =—mg—F, _Fdamp] = Iy +Fdamp0 +F(1),

. . ®)
My Yy ==myg =9y + Fiog = Fyampo-
We introduce the standard notation:
k k c c c m
_]=0)]2a _Oz(’)%a _O=2E_:()0)2a _]=2E_:]0)]a _2=2E_:20)2a _2=X (6)
m m, m, m m, m
The equations of primary joint movement will be written as follows;
. . 1
i =gx— oty — a3 yIh—(y, - y)1- 23 (G0, - S0y x) + ZFU), )
hp=—g+ wzz[h =y = y)1=20,(& 3, + &)
The initial conditions are:
at t=0 wehave ¢, =0, y, =0, y, =0, y,=h-%,, y,=0. ®)
. . . m,g
The static deformation of gasket is: A, = .
0
The equations during the separate movement of bodies are:
¥y = 18 —0fy — 2800 + - F (1),
my )

V) = -8 28,0,)5.
Impact occurs when the mold falls on the gasket. The mold with concrete
and the table are moving jointly during impact. The equations of this movement
are:
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i = gn— oy — 2807 +mLF(f)+
1

+H(z) {25.,00)270"1 —3xlh— (v, - y)]- mL

Feon(n =12 )},
|

(10)

Yy =—g =28y, +
+H(z) {wi[h — (¥ = yD]1-28ym, 1 +mLFcOn W =-» )}~
)

Here H(z) is Heaviside step function relatively bodies’ rapprochement
z=h=(y,-y)-
1, z>20

H(z):{0 2<0" 11

One can see that equations (10) include equations (9). When an impact
occurs, H(z)=1 and the terms in figure brackets begin to act.

F (¥, —y,) is contact interactive force that simulates an impact and acts

only during an impact. The type of this function requires the special
consideration. It can be either a linear or non-linear function. Previously, we
studied the impact simulation in vibro-impact systems with various impact types
[7,8]. We’ll describe the simulation of soft impact in detail in another paper.
We’ll compare the simulation by linear forces with different proportionality
coefficients and the simulation by nonlinear Hertz’ force. Now, when we’ll
choose the numerical system parameters in Section 4, we’ll use the nonlinear
Hertz’s force [9,10] for calculations.

It is worth to point out that Hertz’ contact theory requires that the strains in
the contact region be sufficiently small to be within the scope of the linear
theory of elasticity. “Metallic solids loaded within their elastic limit inevitably
comply with this latter restriction. However, caution must be used in applying
the results of the theory to low modulus materials like rubber where it is easy to
produce deformations which exceed the restriction to small strains” [11]. For an
example we have calculated the impact duration in three cases. We have
compared the values obtained by known formula [11,12] and by numerical
integration of the motion equations (10). The results are shown in Table 1.

Table 1
Moduli of elasticity of . Impact duration by
contacting bodies I;npactldu:zlltllozn by integration of equations
E Nm® | B Nm> | formeRlTLELS (10).s
3.5 E+06 2.0E+11 0.152 0.0135
3.5 E+08 2.0E+11 0.0256 0.0125
2.0E+11 2.0E+11 0.00257 0.00259
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Nevertheless, Hertz’s contact theory is widely used to model impact. It
provides fairly good and reliable results.

The calculation scheme of shock-and-vibration machine corresponds to two-
body 2-DOF vibro-impact system. It is strongly nonlinear non-smooth
discontinuous system. It changes its structure during oscillatory motion. The
right-hand sides of motion differential equations are discontinuous.

4. Selection of numerical system parameters

The basis for the choice of numerical parameters was “Recommendations for
vibratory molding of reinforced concrete products” [5]. But, as we wrote in
Section 2, this system is very sensitive to changes in its parameters due to strong
nonlinearity. The parameters of the exciting force and of the system (the mass of
the mold with concrete mixture, the stiffness coefficients of the vibration
limiters, etc.) are selected in the machine tuning process. In particular, they are
selected in such a way that the operation mode of the machine is close to
resonant.

First of all, it is necessary to set damping ratios &, ,.&, , &. We can assume
that the damping ratio should remain in the range 0< § <1 [13].

The damping effect plays a key role when the excitation of oscillations
occurs at a frequency close to the natural system frequency. With precise
resonance, the amplitude of the oscillations will tend to infinity until damping is
taken into account. The actual amplitude in resonance is determined in fact by
the magnitude of such damping.

We choose the damping ratios so as to obtain firstly, steady-state 7T-periodic
oscillatory process after transient period, and secondly, the amplitude of mold
oscillation, close to the required 0.8 — 1 mm.

Then we select the parameters of stiffness for spring &, and for gasket k. It

is known that the parameters of rigidity are relevant ones. They strongly affect
the oscillatory process. They also determine the natural system frequency. When
selecting these parameters, we are guided by the same principles as when
choosing damping coefficients.

Note 1. Elastic moduli of mold and gasket, Poisson’s ratios, and gasket radius
are included in the expression of contact Hertz’s force. The gasket surface is
flat. But we consider it as sphere of large radius in order to use the expression
for contact Hertz’ force.

It must be said that we cannot calculate the natural frequency of the
oscillatory system. It changes its structure during movement because the mold
comes off the table and then falls down on it. Its oscillatory motion is described
by the equations (10). It is seen that Heaviside function H(z) provides a change

in structure. Separate motion of bodies and their joint motion during an impact
are described by different equations. Therefore, the stiffness matrixes are
different for these equations. We’ll see a resonance after the formation of
amplitude-frequency responses. Then we can clarify some system parameters
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After many numerical experiments, we take the numerical parameters in

vibro-impact system as shown in Table 2.

Table 2
Mass of table m; , kg 7400
Mass of mold with concrete m ,, kg 15000
Stiffness of rubber gasket 4, N-m™! 3.0-10°
Stiffness of spring k,, N-m ™' 2.6:107
Thickness of gasket 4, m 0.0275
Damping ratio of dashpot 1 (spring) & 0.5
Damping ratio of dashpot 0 (gasket) &, 0.02
Damping ratio in concrete mixture &, 0.03
Elastic modulus of mold E,, N-m™ 2-10"
Elastic modulus of rubber gasket £;, N-m™ 3-10
Poisson’s ratio of mold v, 0.3
Poisson’s ratio of rubber gasket v, 0.4
Radius of gasket R, m 10
Amplitude of exciting force P, N 2.44-10°
Frequency of exciting force o, rad-s™’ 157

Note 2. After integrating the equations of motion (7) and (10), we get a
complete picture of the system motion, including the impact time. It should be
noted that we were forced to significantly reduce the integration step during an
impact. This decrease was much stronger than we did before when we
considered a rigid (hard) impact between solids. We think this is due to the great
softness of the rubber gasket. Its modulus of elasticity is small; therefore, its

deformations during an impact may be not smal

L.
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We get a graph of contact forces and graphs of all other forces (Fig.5,6) acting
in the system during movement. We give the graphs of both bodies’ velocities
and accelerations.

Time histories and contact force graph (Fig.3) show that the movement is 7-
periodical with one impact per cycle. We can clearly see the great penetration
one body into another when we look at the curve ( y, —/4 ). The impact is very
soft due the softness and suppleness of the rubber gasket and the penetration is
quite large. Amplitude of mold oscillations is 4=0.76 mm.

The phase trajectories (Fig.4) show that 7-periodical movement is steady-state
after passing the transient process.

w D

0.007 0.012 0.017 0.022 0.027 y,m

Fig. 4

The speed graph (Fig.5) shows the gradual, not instantaneous reverses in
velocities during an impact because the impact is not instantaneous, its duration

is long. Impact time T pact is marked by vertical lines in Fig.5.

And finally, the acceleration graph (Fig. 5) gives the picture of asymmetric
accelerations. We have the lower acceleration w, =39.4 m-s” = 4 g and the

upper acceleration w,, =11.2 m-s” =~ 1.1 g (g is the gravitational acceleration).

w
Its ratio is —= = 3.6.
Wy
5. Conclusions

The created mathematical model of platform-vibrator with shock corresponds
to the two-body 2-DOF vibro-impact system. It is strongly nonlinear non-
smooth discontinuous system. It has some peculiar properties, namely: the upper
body with very large mass breaks away from the lower body during vibrational
motion; both bodies move separately; the upper body falls down onto the
constraint that is on the rubber gasket; the impact that occurs is soft one due to
the softness and flexibility of the rubber gasket. The numerical parameters for
this system were chosen in such a way that: firstly, they provide the fulfillment
of requirements for real machine, and secondly, they allow analyzing its
dynamic behavior by nonlinear dynamics tools. The created model provides: 7-
periodic steady-state movement after passing the transient process; the
appropriate value of mold oscillations amplitude A= 0.76 mm; the satisfactory
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value of the asymmetry coefficient — the ratio of lower acceleration to the upper

. . WL
acceleration is —= = 3.6.
Wu

Thus, we believe that the created model meets all the necessary requirements.
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Bbaoicenos B.A., [loeopenosa O.C., I[locmuikosa T.I.
CTBOPEHHSI MATEMATHYHOI MOJEJII YIAPHO-BIBPALIIMHOIO
MAMNJIAHYUAKA JJA YIIIJIBHEHHSA TA ®OPMYBAHHS BETOHHUX BUPOBIB

BiOpauiiiHi MalfiIaHYMKH € TOJOBHHM OOJAaZHAHHAM [P BHPOOHHULTBI OCTOHHHX Ta
3a11i300€TOHHNX BUPOOiB. Y 1apHO-BiOpaliiiiHa TEXHOJIOrisl IPH BUPOOHHULTBI 30ipHOr0 3a1i300€TOHY
Ha HU3bKOYACTOTHHX PE30HAHCHUX BIOpO-MaiijaHYMKax 3HAYHO IOJIMILYE SKICTh BHPOOIB Ta
CTYNiHb TXHBOI 3aBOJACHKOI TOTOBHOCTI. Llsi TEXHOJOris BHKOPHCTOBYETHCS [UIi BHPOOHHIITBA
BEJIMKOrabapuTHHX BUPOOIB.

B crarri onmcyeTbcsi CTBOPEHHS MaTeMaTHYHOI MOJENI YAapHO-BiOpalliiiHOro MaijaaHuuKa, Je
peai3y€eThCsl POKUM aCHMETPUYHHX KOJIMBAHb, y SIKOMY BEPXHE Ta HIDKHE MPHCKOPEHHs (GopMu 3
6eTOHOM MaroTh pi3Hi 3HaueHHs . CTBOpeHa MaTeMaTHYHA MOJCIIb BiIIOBia€e ABOX-MacoBiii BiOpO-
yIapHii chcTeMi 3 IBOMa CTYMHSIMHU BUIbHOCTI. 1]e cHiIbHO HelliHiliHA HeraKa po3pyuBHA CHCTEMA,
sIKa Ma€ Taki OCOOJMBOCTI: BEPXHE TINO AyXKE BEIUKOI MACH BIAPHUBAETHCS i 4ac KOJIMBAILHOTO
PyXy BiJl HI)KHBOTO TijJia, I TOAI TiJla PyXalOTbCs OKPEMO; IOTIM BEPXHE TUIO MaJa€ Ha M SIKUi
OOMEKHHUK; BiIOyBa€TbCs M sAKMH ymap. MopemoBaHHS M‘SKOro yxapy HOTpeGye OKpeMoro
00roBopeHHs. Y Wil CTAaTTi ygap MOJETIOEThCS HEMIHIHHOIO KOHTAaKTHOIO CHIIOIO BiINOBIIHO 10
KBA3iCTaTHYHOIr0 KOHTAKTHOrO 3aKoHy I'epiia.

UYucioBi mapaMeTpy CHCTEMH BUOMPATINCS TaKMM YMHOM, 1100 MO-Tepiue, BOHU 3a0e3medyBain
BUKOHAHHSI BUMOT JIO PeajbHOI MalIWHH, Ta MO-APYre, A03BOJIMIIM BUKOHATH aHANi3 1l JMHAMIYHOL
HOBEIiHKK 3acobaMu HemiHiHOI auHamikd. CTBOpEHa MOJENb JOCTaTHBO a0o0pe 3abesnedye
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BUKOHAHHSI HM3KH BHUMOT, a came: T-TepioJuuHuil YCTAJICHUH pyX IiCisl MEepeXiJHOro MpoLecy;
HpUAATHE 3HAYCHHS aMIUITYM KOJIMBaHb (HOPMH; 3aJ0BIIbHY BeIHYNHY KoedilieHTy acuMeTpil, a
caMme BiJHOLICHHS HIKHBOI'O IPUCKOPEHHS 10 BEPXHBOTO.

KuarouoBi ciioBa: ynapHo-BiOpaliiiHiii MaiijaH4uK, BiOpo-yaapHa cucrema, Gpopma 3 6ETOHOM,
BEPXHE Ta HIDKHE IPHCKOPEHHSL.

UDC 539.3

Bazhenov V.A., Pogorelova O.S., Postnikova T.G. Creation of mathematical model of platform-
vibrator with shock, designed for concrete products compaction and molding Lyapunov
exponents estimation for strongly nonlinear nonsmooth discontinuous vibroimpact system //
Strength of Materials and Theory of Structures: Scientific-and-technical collected articles. — K.
KNUBA, 2020. — Issue 104. — P. 103-116.

Platform-vibrators are the main molding equipment in the production of precast concrete elements.
Shock-vibration technology for the precast concrete production on low-frequency resonant
platform-vibrators significantly improves the quality of the products front surfaces and the degree of
their factory readiness. This technology is used to produce large elements.

We describe the creation of a mathematical model for platform-vibrator that uses shock to
produce asymmetric oscillations. The values of the upper and lower accelerations of the mold with
concrete have different values with shock-vibration technology.

The created mathematical model corresponds to the two-body 2-DOF vibro-impact system. It is
strongly nonlinear non-smooth discontinuous system. It has some peculiar properties, namely: the
upper body with very large mass breaks away from the lower body during vibrational motion; both
bodies move separately; the upper body falls down onto the soft constraint, the impact that occurs is
soft one due to the sofiness and flexibility of the constraint. The soft impact simulation requires
special discussion. In this paper, we simulate a soft impact by a nonlinear contact force in
accordance with the Hertz quasistatic contact law.

The numerical parameters for this system were chosen in such a way that: firstly they provide the
fulfillment of requirements for real machine, and secondly they allow analyzing its dynamic
behavior by nonlinear dynamics tools. The created model is well enough to fulfill a number of
requirements, namely: T-periodic steady-state movement after passing the transient process; the
appropriate value of mold oscillations amplitude; the satisfactory value of the asymmetry coefficient
that is the ratio of lower acceleration to the upper acceleration. We believe that the created model
meets all the necessary requirements.

Table 2. Fig. 6. Ref. 13

YK 539.3

Baoicenos B.A., [locopenosa O.C., [locmuikoéa T.I. CTBOpeHHs] MaTeMaTHYHOI MojeJi yiapHo-
BiOpaniiiHoro MmaiigaH4ymka UIsi yUIiibHeHHs1 Ta (opMyBaHHsI GeTOHHMX BHPOGiB // Omip
MaTtepialiB i Teopis cnopyn: Hayk.-Tex. 30ipH. — K.: KHVBA, 2020. — Bun. 104. — C. 103-116. —
AHrI1.

Bibpayiini  matioanyuku € 20106HUM OONAOHAHHAM NpU  GUPOOHUYMGEI 6GemoHHUX ma
3anizobemonHux  6upobis.  YoapHo-eibpayitina  mMexHoao2is  npu  GUPOOHUYMEL  30iPHO20
3ani300emony Ha HU3LKOYACMOMHUX PE30OHAHCHUX GIOPO-MAUOAHYUKAX 3HAYHO NONINULYE SKICMb
6upobie ma cmyninb IXHbOI 3a600CbKoi 20moHOCmI. L[ MexHoNo2is SUKOPUCMOBYEMbCS Os
SUPOOHUYMBA 6eTUKO2AOAPUMHUX BUPODIE.

B cmammi onucyembcs cmeopenns mamemamuynoi Mooeni yoapHo-8ibpayitinoco mManoanduxa,
0e peanizyemuCs pedcum acuMempuyHux KoIu6ahb, y IKOMY 6ePXHE Ma HUJICHE NPUCKOPEHHS hopmu
3 Oemonom Mmaiome pizHi 3Hauenus. CMEopeHa mMameMamuina Mooeib 8I0N06iodae 080X-MAco6Iil
6iOpo-yoapuitl cucmemi 3 0goma cmynusamu eiibHocmi. Lle cunvho Heninivina Heanaoka po3pueHa
cucmema, sIKA Mae maki 0CoOIUBOCMI: 6ePXHE MINO O0YCce eIUKOI MACU BIOPUBAEMbCS NIO HAC
KOMUBANLHO2O PYXY 6i0 HUIICHLO2O MINd, i MOOi Mina pyxaromvcs OKpemo, NOMIM 6epXHE MiNo
naoae Ha m ‘sKuil 0omexcHuk; 8i00ysacmucs M SKkuil yoap. Moodenosanis m ‘siko2o yoapy nompebye
0Kpemo2o 002060penHs. Y yill cmammi yoap MOOEMOEMbCs HENHIUHOI KOHMAKMHOIO CULOK0
8ION0GIOHO 00 K8A3ICMAMU4H020 KOHMakmHuoz2o 3akony I'epya.
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Yucnogi napamempu cucmemu GUOUPATUCA MAKUM YUHOM, W00 no-nepuie, 60Hu 3a0e3neuyeanu
BUKOHAHHS 8UMO2 00 PeabHOi Mawunu, ma no-opyze, 00360JUIU GUKOHAMU AHANI3 §T OuHaMiyHOl
nosedinku 3acobamu HemniuHoi ounamixu. Cmeopena Mmooeib 00Cmamubo 000pe 3abe3neuye
BUKOHAHHA HU3KU 6UMO2, a came: T—nepioduunuii ycmanenuii pyx Ricis nepexioHozo npoyecy;
npUOaAmHe 3HAYeHHs AMIIIMYOU KOTUBAHbMOPMU, 3A008LIbHY SeIUYURY KOeIyicHmy acumempii, a
came 8IOHOUIEHHS HUNCHBO20 NPUCKOPEHHS 00 8EPXHbOZO.
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Abstract. In order to evaluate the relative properties of the protective screen to the striking
energy of the means of defeat, an experimental study was conducted, which allowed to test the
hypothesis regarding the protection of the combat armoured vehicles against the means of defeat
which, under the action of kinetic energy, destroy the armoured obstacle. Based on the data obtained
during the experimental study, a mathematical model was constructed that describes the punching
momentum of the protective screen. The use of this model makes it possible to calculate the energy
losses caused by deformation and destruction of the obstacle. Built as a result of the multifactor
experiment, the regularity of the impact of the means of defeat on the protective screen takes into
account the speed of the means of defeat, the angle of encounter of the means of defeat with the
protective screen, the thickness of the front and back layer and the hardness of the means of defeat.

Keywords: Combat armoured vehicles, protective screens, experimental study, mathematical
model.

1. Introduction. Carrying out experimental studies concerning the security
of combat armored vehicles (CAV) against firearms is crucial to substantiate the
feasibility of using additional CAV protective screens. Tests are conducted to
evaluate the effectiveness of the protection of the finished specimens, during
which firearms or the means of imitation of firearms are used. Most often, such
tests are performed as experiments to further validate the sample to ensure that
the CAV sample withstands certain effects or to verify the claimed sample
characteristics.

Therefore, the purpose of laboratory testing is to obtain useful information
for assessing the relativity of persistent or weak properties to the effects of
firearms on the elements of the sample (system). Laboratory tests are the basis
for evaluating changes in the properties of elements that are not sensitive to the
effects of the firearms lesion, as well as for getting empirical data about the

© Dachkovskyi V.O., Datsenko I.P., Kotsiuruba V.I., Yalnytskyi O.D., Holda O.L.,
Nedilko O.M., Syrotenko A.M.
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behaviour of many elements critical of the firearms lesion. In addition, they are
linked to test methods that can serve for more effectively align of requirements
to the stability of remedies with other requirements which are presented to the
providers of protection means.

2. Problem Formulation

Given the fact that experimental studies require a considerable investment of
time and money, so in the study of these phenomena most often use a stochastic
approach, which abstracts from a number of factors. In this case, experimental
and statistical methods of research are applied, in which real processes are
considered as processes of probability, and the object of study is represented as
a cybernetic system (black box), which is investigated by means of
mathematical modelling [1]. Herewith about the functioning of the system is
judged by its reaction Y (baseline , response) at the output of the system when
it causes certain influences X (factors) at its input (fig. 1).

For this purpose, we obtain a

lW‘lWI E lW" mathematical model of the process
x h 4 under study that adequately describes
I ) y ) .
zio__p| theobjectof | 0 the relationship of process results
T study (baseline indicators of y) to external
Fig. 1. The system of “Black box”, the influences (input factors of x ).

model of the object of study It does not deny the possibility of

further investigation of internal phenomena, but also generalizes information for
much deeper disclosure of the cause-and-effect links in the processes that take
place. Inasmuch as each of the responses is related to the input factors of the
objectively existing dependency. Equation of state of the system, which, of
course, is unknown. But, based on observations of the system's appeal , namely,
the correspondence of the output indicators to the input at each point in time, the
equation of state can be approximated by another function of the form [2].
Y=By+ > BX;+ > ByX.X + > BX +..
1<i<k 1<i<iI<k 1<i<k

where Y an indicator of the process under study; X; — factors affecting the

process under study; B — regression equation coefficients; B,,B,B;B;

polynomial coefficients; & —number of independent variables.

This regression equation is a polynomial model in the form of a Taylor
series segment that describes well the function response of the local plane of the
factor space and is convenient to use due to the versatility and comparative
simplicity of their methods of construction based on experimental data [3].

The analysis of scientific studies showed that in the work [4], the results of
the analysis of armoured machine body are given.The problems of providing an
adequate level of ballistic and mine resistance are identified. The combined
nature of the causes is due to the welding of steels used in the production and
structural features of a number of housings, but it is not specified exactly how to
increase the ballistic stability of the CAV housings in this work. In the dedicated
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work [5] on numerical modeling of process of penetration of protective ceramic
elements with different design, the effectiveness of the developed protective
ceramic elements for the protection of CAV was confirmed. But in this work is
not specified as a means of defeat loses energy characteristics when breaking
through an armour obstacle. The paper [6] presents a finite element model based
on data obtained as a result of dynamic and static testing of composite materials
to predict the response and behavior of failure of hybrid plates at low shock
load. In this study, the impact of the velocity of the impactor, the angle of its
incidence, and the thickness of the impactor were taken into account, but the
hardness of the impactor was not taken into account and damaged obstacles
were not investigated. In the work [7] that is devoted to increasing the level of
protection of multi-purpose design vehicles, many variants of technical
solutions for increasing the level of ballistic protection were proposed. The
results of observations on vulnerable sections of vehicles from small firearms
are presented, but it is not determined how to increase the level of protection
against the means of damage.

That is, in these works [4—7] are not defined how the means of lesion will
lose kinetic energy depending on the velocity, the angle of encounter with the
protective screen, the thickness of the face and the rear layer of the protective
screen, and the hardness of the means of lesion.

Therefore, the purpose of this article is to elucidate the results of an
experimental study of the effect of the means of lesions on the protective
screens of the CAV and to build a mathematical model based on experimental
studies of energy loss by the means of lesion during the break of the protective
screens of the CAV.

3. Experimental study

3.1 Experimental equipment

To evaluate the stability of the protective screen, the technique of
investigation of the parameters of the breakdown with the registration of the
shock pulse, which allows to carry out of rapid assessment of the resistance of
materials to deformation and fracture during cross-cutting. [8—9]. However, it is
possible to obtain a quantitative assessment of the stability of the material of the
armor obstacle design to the breakdown, taking
into account the conditions of interaction, —Sz
physical and mechanical properties and geometric \
parameters of the impactor and obstacle. The
essence of the technique lies in the fact that the \
obstacle samples are broken through by the \
impactor, so that the pendulum is given a shock
impulse, which causes the deviation of the latter \
from the equilibrium position by the value L, I3 \
which can calculate the energy losses caused by
the deformation and destruction of the obstacle A=\ \
fig. 2.

Fig. 2. Schema of ballistic
pendulum
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Bulletproof resistance studies were conducted in the ballistic track of the
Weapons Scientific Testing Laboratory and special protective materials in
accordance with the requirements [10] of the experimental setup (fig. 3) [11].

8 7 6 5 9

Fig. 3. Schema of ballistic installation:
1 - ballistic barrel mounting stand; 2 - barrel, 3 - velocity determination device, 4 - box, 5 -
illumination level determination device, 6 - noise level recording device, 7 - temperature recording
sensor, 8 - duct pressure sensor in the barrel channel, 9 - ballistic pendulum

In doing so, a ballistic pendulum weighing M, having the length of the
pendulum from the point of hit of the ball in the sample to the axis of the swivel
was used §,, (fig.1). The pendulum was suspended from the ceiling in the ball

holder of the ballistic track . The firing was carried out from a ballistic weapon
by single-shots, mounted in a special device fastening of the product. The
impactor was accelerated with the powder gases through the ballistic barrel
channel, which at speeds of 300 — 900 m/s. interacted with an obstacle that was
fixed on the ballistic pendulum. After the breaking through , he fell into the
"unobstructed catcher". Shots were made with the help of an electro trigger. The
velocity of the bullet was measured by the optoelectronic measuring complex
IBX — 731.3, located at a distance of 2.5 m from the cut of the barrel. The
distance from the section of the ballistic barrel to the point of defeat of the
sample, which is rigidly fixed on the ballistic pendulum, was 10 m.

To ensure the free passage of the impactors to the ballistic pendulum with
simultaneous cutting off of the powder gases, special cut-offs are used to
prevent them from influencing the sample fixed to the pendulum.

The study was conducted under the following conditions:

ambient temperature 0C 20 £ 5

relative humidity,% not more than 80

atmospheric pressure, kPa 87 — 107

The object of the test is selected, proposed in the paper [12] protective
screen fig. 4, the front and back layer of which is made of BT70SH steel and 10
mm thick porous AlSi7 cast aluminum is selected as the porous material.
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As an impactor was used a
cylindrical device with rounded
ends with a diameter of 15 mm and
a length of 40 mm made of Y8A
steel.
Before the research the ballistic 3
pendulum was calibrated. For this
purpose, a non-penetrating
indenter shot was used, which is
used in the study. In this case, all
the energy of the ball is spent on
the deflection of the pendulum 4
from an  equilibrium state. 2
Indenters and sample BT70SH by

. Fig. 4. Protective screen CAV:
Welght M” were used  for 1 — the front layer, 2 — the back layer, 3 — the

calibration. All shots were carried porous material, 4 — elastic elements

out normal to the plane of the

specimen. The thickness of the specimen was chosen to ensure that it was not
punched. The following ratio was used to determine the calibration factor for
each shot

kyi = (mV, s )(Sp )_] )
where k,; the calibration factor of the ballistic pendulum for each shot; m mass
of the intender, kg; 7, 5 speed of the intender at a distance of 2.5 m from the cut
of the barrel, m/s; S, the magnitude of the deviation of the pendulum from its

equilibrium state after the indenter is hit in the sample, m.

Three series of experiments were carried out to determine the calibration
factor, taking into account different speeds of the intender. The values of the
calibration coefficients for each shot were calculated by the average value of the
calibration coefficient equal to

N
by = (k)N
=

The positioning of the ballistic barrel, the speedometer and the ballistic
pendulum was constant, changing only the angle of inclination of the test
specimen in accordance with the plan of the experimental study [13].

3.2 Construction of mathematical model

In order to evaluate the relative properties of the protective screen to the
striking energy of the means of lesion, in the first stage of the study
experimental tests were conducted which became the basis for obtaining
empirical data on the behavior of many elements critical to the kinetic energy of
the means of lesions.

The data obtained in the experimental study allowed us to test the hypothesis
regarding the protection of CAV from the defeat agents, which under the action
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of kinetic energy destroys the armor obstruction, thereby causing premature
failure of the CAV [14].

Previous studies have shown that the kinetic energy parameters of the means
of defeat in one way or another affect the stability of the armoured obstacle,
which leads to its destruction. Eventually leads to failure of the CAV. The basis
of this nature of influence is a complex of physical phenomena that accompany
the process of destruction of the armoured obstacle.

In order to calculate the model, information about the value of the response,
which is investigated in the selected area of the factor space, is accumulated
during the experiment. The most effective way of doing this is through an active
experiment on the basis of multi-factor planning [15].

Planning a multifactorial experiment involves choosing the type of
mathematical model. Insomuch as the real nature of the processes that occur
under the influence of the lesion on the CAV in general is largely unknown then
it is quite difficult to build a model adequate to the real process in advance. In
this case, it would be most rational to use a priori information on similar studies.

First of all, it is about choosing a model class [8], namely about choosing a
function

M(y):f(x]ax2a'-~axk)a (1)
where y indicator of the process under study (response); x,,x,,...,x, variable

factors.

As stated in the works [1-3, 8, 13—-15], in the study of a large group of
technical processes, it is better to use as a specified function step series, or rather
segments of step series - algebraic polynomials. On the one hand, these are
fairly simple equations, in terms of mathematical processing, and on the other
hand, there is a high probability of obtaining an adequate model.

The next step is to choose the degree of the polynomial. In situations where
there is no a priori information on the order of the polynomial, the mathematical
model of the process under study is selected, starting with the simplest linear
equation, and consequently increasing the degree of the polynomial to obtain an
adequate model. The process of obtaining a mathematical model in these
situations is as follows. Initially, a full factorial experiment 2* or an experiment
represented by a fractional replica is implemented, 2%°P | where p is the
number of interaction effects replaced by the new variables.

According to the results of experiments performed in accordance with these
plans, the coefficients of the linear regression equation are found. If this
equation proves to be inadequate, then the regression coefficients are found for
the interaction factors. If the regression equation for the interactions of the
factors is also inadequate, then the previously performed experiments
supplement the experiments at the “star” points with the shouldera and
experiments at the center of the plan, the number of which is equal n,. The

number of experiments at "star" points is equal 2k . according to the results of
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experiments performed according to the plan2* or 277 and with additional
experiments at the “star” points and at the center of the plan, the second order
polynomial coefficients are estimated. It should be noted that the process under
study can often be described as a second-order polynomial. If the second-order
polynomial is inadequate, proceed to the third-order planning and describe the
process under consideration by the third-degree polynomial [1-3].

For five factors, they consider a valuable, second-rate, central composite
rotatable plan. In this plan, each variable varies in only three levels: +1, 0, -1.
The use of this plan, which involves only three levels of variation of factors,
simplifies and reduces the cost of the experiment [16].

Based on the results of the experiments presented according to the
considered plan, the coefficients of the regression equation can be determined

Y=by+byx;+byxy +. A by Xy b1y X Xy oAby Xy X, Dy X by X (2)

Equation coefficients (2) can be determined using the least squares method,
which is one of the basic methods of regression analysis for estimating unknown
parameters of regression models by sample data [17].

Thus, the technique is based on the experimental-statistical method of
mathematical modeling of the process of the impact of the energy of means of
defeat on the armoured obstacle of CAV, in which the experiment is considered
as the main source of information about the process, and methods of probability
theory and mathematical statistics is considered the main means of processing
the results of the experiment.

Experimental studies include a fairly large set of interdependent sequential
operations that can be divided into several stages. The logical sequence of the
experimental study is shown in fig. 5. It should be noted that the planned
experiment can only be successful under a number of conditions.

Firstly, the object of the study should be manageable that is to say it should
be possible to unambiguously identify these factors in the selected area and
unambiguously determine the relevant responses. In addition, the baseline
(responses) should be quantitative and should be measured with any possible
combination of selected factor levels. The factors must be independent,
unambiguous and compatible. The process under study must be carried out in
the entire area of the chosen factor space, that is, in the whole range of change
of the selected factors. Furthermore, the researchable object must satisfy the
reproducibility requirement of repeatedly repetition of the same experiment, and
its responses should have a scatter not exceeding some specified value [14].

Thus, the task is to determine how the impactor will affect the destruction of
the armoured obstacle.

These problems can be solved by staging an extreme study. In planning, the
following factors were adopted as variables: v, - the speed of the means of

defeat, m/s; ¥ - the angle of the indenter meeting with the protective screen,
deg.; hf — thickness of the front layer, mm; /4, — thickness of the back layer,
mm; H —hardness of the impactor, HB (300-600 steel USA);
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PLANNING OF THE EXPERIMENT

Choice and preparation of

experimental equipment

|

1
Definition of conditions of carrying ||
out experimental study -

|

Choosing metrics and 5 Determination of factors L, Selecting raw data for
ways to define them and levels of variation modeling

CARRY OUT A RESEARCH
(statistical evaluation of experimental data)

i : . Calculation of the |:
: Exception of Calculation of Calculation of cuanan ot el
: ™ statistical haracteristics regression dispersion of
: £ross errors T reproducibility ||

I Determination of the Determination of Determination of the i
'coefficients ofthe equationy| dispersion equation | confidence interval of the | !
: regression coefficients coefficients :
- v :
1 1
|| The transition from coded| | Checking the adequacy < Determination of :
' to natural values 4| ofthe model obtained adequacy dispersion :
I |

CONDUCTING COMPARATIVE EVALUATION

Determination of the Establishing the dependency of the impact of the
properties of the proposed B means of lesion on the remedies
method of protection and their v
Evaluation of the Assessment 9fthe impact oft.he
results obtained  [€—|means of'lezion on the remedies

#
CHOICE OF RATIONAL PROTECTION METHOD I

Fig. 5. Structural and logical scheme of the experimental study of the effect of means of lesion on
the protective screen of CAV

The impulse deflection of the ballistic pendulum is taken as the optimization
parameters. The main levels and intervals of variation of factors [18] are
selected by the results of previous experiments, the intervals of variation and
levels of factors are given in table 1.

To obtain the model of the process in the form of a second-degree
polynomial [19], a central composite second-order rotatable plan is presented,
which is presented in table 2.
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Table 1
Levels and intervals of variation of factors
Factors Variation Levels of factors
intervals | Main 0 |Upper +1 |Lower —1
x; —the speed of the means of
100 800 900 700
defeatv s m/s
x, —angle of the indenter
meeting with the protective 15 45 60 30
screen, ¥, deg
x5 —thickness of the front
5 10 15 5
layer, A >, mm
1x4 — the thickness of the back 5 10 15 5
ayer, h,, mm
x5 — hardness of the impactor, 150 450 600 300

H ,HB

As we can see, the chosen planning matrix satisfies the general properties of
the planning matrix, which allows us to quickly calculate the objective function:
symmetry with respect to the zero level, it means that the algebraic sum of

the elements of the column of each factor, is equal to zero;

the sum of the squares of the column elements of each of the factors is equal
to the number of experiments (property of normalization).

The product of any two different vector columns of factors is zero.

Table 2
Planning matrix
E’;‘f,‘in”&fm Xo X X, X3 Xy Xs V.
1 T _ — - — + 54,6
2 + + — — — 60,2
3 + — + — — — 53,3
4 + + —+ — — + 55,4
5 T _ - + - — 56,7
6 + + — + + 58,9
7 + — + + — + 594
3 T T T + — - 50,3
9 + — — + — 51,4
10 + + - + + 52,7
11 + - + + + 58,9
12 + + + — + — 57,2
13 + - - + + + 56,4
14 + + - + + - 56,8
15 + - + + + - 55,7
16 + + + + + + 57,4
17 + +2 0 0 0 0 58,5
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18 + -2 0 0 0 0 54,1
19 + 0 +2 0 0 0 58,3
20 + 0 -2 0 0 0 53,1
21 + 0 0 +2 0 0 58,8
22 + 0 0 -2 0 0 53,9
23 + 0 0 0 +2 0 59,7
24 + 0 0 0 -2 0 53,2
25 + 0 0 0 0 +2 56,2
26 + 0 0 0 0 -2 53,6
27 + 0 0 0 0 0 54,3
28 + 0 0 0 0 0 55,8
29 + 0 0 0 0 0 53,6
30 + 0 0 0 0 0 55,2
31 + 0 0 0 0 0 56,1
32 + 0 0 0 0 0 54,7

The variances of the predicted values of the optimization parameter are the
same at equal distances from the zero level (the rotatability property of the
planning matrix).

The coefficients of the given equation (2), with the number of factors £ =5
and the kernels of the plan represented by 2°' (1=xx,x;3x,x5), are
determined using formulas of the form:

[212(k+2)2y -2Ac ZZny]}, 3)

i=1 j=1

N
b= % )
N g g

x[]y]a (5)

u MZ

i=1 j=1

b, { [(k+2)A-k] le]y]+c (1- A)ZZny]—MCZyJ}. (6)

To find the regression equatlon coefficients in the first stage of experimental
data processing, we find the sums of the equation (3 — 6) [20-21]

32 32 32 32
N yi=1784; 3 xy; =113; Y x5, =103; X xyy; =177
j=1 Jj=1 Jj=1 j=1

32 32 32 32
Z]x4jyj =10,7; Z]xsjyj =17,3; Z]x]szjyj =-16,5; Z]x]jxwyj —-12,1;
Jj= Jj= Jj= Jj=

32 32 32
Zx]jx4jyj=0a9; Z]x]ijJyj='1233; Z]xzjx3jyj=-ll’9;
J=l Jj= j=
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32 32 32
Zijx4jyj=2339; Z]xZJ'ijyj =17913 Z]X3J-x4jyj=4,3;
=l J= j=

32 32 32 32

. . 2 _ . 2 _ .
E x3jx5jyj=13,l, E]x4jx5jyj=-3,5, E x]jyl-—l346, E]xzjyj—134l,
J"l J‘ Jj=1 J"

Zx3]y] =1346; Zx4]y] =1347 szjy] =1335; ZZny] =6714.
i=1 j=1

The next step is to determme the Value
1

= - =0,4929,
2A[(k+2)A—k]
e=—-N_ 1333,
2
)Y Xij
Jj=1
k(n, +ny)
= 0/ 120879.
A 2 0,879120879
After some calculations, equations (3-6) Will take the form
b, =10, 822)/]—2 34422ny1, (7)
i-1 j=1
32
b, =0,042) x; ;. (®)
Jj=1
32
by =0,063194444 x,x,,y,;, ©)
Jj=1
32 5 32 32
b; =0,03163 x;y, +0,0033). > x;iy, —0,0361) y,. (10)
j=1 i=l j=I j=I

Substituting the sums obtained into formulas (7—10), we find the values of
the regression equation coefficients for the pendulum deflection impulse.
Based on the coefficients obtained, the equation (2) will take the form
v, =54,946389 +0,4708x; +0,4292x, +0,7375x;5 +0,4458x4 +0,7208x5 —
—1,04271xx, —0,76465x,x; +0,05688x;x4 —0,77729x,x5 — 0,75201x, x5 +
+1,51035x,x4 +1,08063x,x5 +0,27174x;x, +0,82785x;x5 —0,22118x,x5 +

+0,30863x; +0,156963x3 +0,321269x3 +0,346546x; —0,04526x3 .
The dispersion of the coefficients of the regression equation can be found
using the formula

(b, }_ZA/'L (k+2)s§’ an
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s2 {bl-l-} =

Plh)= s

2
s? {bil}:)(i_stn

AP [(k+DA—(k-1)]

2
S,

N

y

Accordingly, the dispersion of the coefficients will be equal

s*{by}=0,166752,
s*{b;}=0,0417s3,
s*{b;}=0,0632s?,
s*{b;}=0,0349s.

(12)

(13)

(14)

(15)
(16)
(17
(18)

The dispersion sz{ yz} of the optimization parameter is determined by the

results of experiments in the center of the plan (table 3):

Auxiliary table for calculating the dispersion s*{y, }

Table 3

The number of - = (v —5.)
the study Vi V. Vo=V Vi = 7.
27 54,3 -0,65 0,4225
28 55,8 0,85 0,7225
29 53,6 -1,35 1,8225
30 55,2 54,95 0,25 0,0625
31 56,1 1,15 1,3225
32 54,7 -0,25 0,0625
6 6
D y.,=329,7 Sp=Y (7. -7.)" =4,415
u=l 2=l

where n, = 6 the number of the studies in the center of plan.

6
> (V-

_yz)z
2 _u=l —
s {yz}——no_l 0,883,

The dispersion of the coefficients of the regression equation ), are
determined using the formulas (15—18):

s2{b } =0,00096278 ; 52 {b, } = 0,00024069 ; s {b, } = 0,00036505 ;

1

s2{b, }=0,00020165.
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Mean square errors in the determination of the regression coefficients for y,
respectively equal

s{by}=0,3836231; s{b,}=0,1918115; s{b, } = 0,2362217 ;
s{b; } =0,1755655 .
We define the confidence intervals for the coefficients:
Aby = *ts{by } = 42,57 x0,3836231=+0,985911313 ;
Ab; =tt5{b, }=10,492955656 ;
Ab, =*ts{b, } =+0,607089785; Ab, =+ts{b, }=+0,451203305.
Coefficients that, according to the absolute value of less than the
corresponding confidence intervals, can be considered statistically insignificant
and excluded from the regression equation [22]. The result of rotatable planning
of the regression equation is written in the form
v, =54,946389+0,4708x,+0,4292x,+0,7375x,+0,4458x, +0,7208x; —
—1,04271x,x,—0,76465x,x;+0,05688x,x, —0,77729x,x5—0,75201x,x; +
+1,51035x,x, +1,08063x,x5+0,27174x;x, +0,82785x; x5 —0,22118x, x5 +
+0,30863x] +0,156963x3 +0,321269x 3 +0,346546x3 —0,04526x2.
To determine s, we should calculate the sum s, fsquares of deviations of

the calculated y_; values of the response function from experimental ones y;

at all points in the plan (table 4).
The number of degrees of freedom is determined by the formula
f=N—-k'—(n,-1)=9,
where £’ the number of statistically significant coefficients of the model; N —
the total number of experiments; n, — the total number of experiments at the

center of the plan.
The dispersion of adequacy is determined by equation

52, =SR;SE =3,745723

The adequacy of the obtained model is verified by F — criterion:

2
F,="%24,242041899,
S
y
2 —

where sfd — the dispersion of adequacy; s,

the dispersion of the optimization

parameter.
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Table 4

Auxiliary table for calculating s,
E);[;irnllr)r;:nt Yz Yz Yz =V (yzj_yzj)2
1 0,33 0,28 0,05 0,0025
2 0,47 0,45 0,02 0,0004
3 0,52 0,55 -0,03 0,0009
4 0,34 0,33 0,01 0,0001
5 0,71 0,65 0,06 0,0036
6 0,35 0,35 0,00 0,0000
7 0,77 0,63 0,14 0,0196
8 1,64 1,79 -0,15 0,0225
9 0,50 0,42 0,08 0,0064
10 0,29 0,28 0,01 0,0001
11 0,51 0,36 0,17 0,0289
12 0,20 0,35 -0,15 0,0225
13 0,31 0,26 0,05 0,0025
14 0,74 0,72 0,02 0,0004
15 0,81 0,83 -0,02 0,0004
16 0,42 0,41 0,01 0,0001
17 0,54 0,44 0,10 0,0100
18 0,54 0,69 -0,15 0,0225
19 0,65 0,60 0,05 0,0025
20 0,28 0,38 -0,10 0,0100
21 0,95 0,96 -0,01 0,0001
22 0,31 0,35 -0,04 0,0016
23 0,23 0,27 -0,04 0,0016
24 0,57 0,58 -0,01 0,0001
25 0,15 0,33 -0,18 0,0324
26 0,72 0,59 0,13 0,0169
27 0,25 0,19 0,06 0,0036
28 0,25 0,18 0,07 0,0049
29 0,25 0,33 -0,08 0,0064
30 0,25 0,27 -0,02 0,0004
31 0,25 0,19 0,06 0,0036
32 0,25 0,35 -0,10 0,0100
32
sp=, (=) =0,2342
Jj=1
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Thus, the mathematical model in which si is accepted as sz{ y.}=0.883, the

value of the criterion F = 4,242. Tabular value of F, — criterion at 5%
significance level, in particular degrees of freedom for the numerator 9 and for
the denominator 5 is equal to 4,85. The value F, < Fr, therefore, the resulting

model can be considered adequate.

The transition from coded (x;,x,,x5,x4,Xs) to natural (vf,y,hf,hr,H)
values of the factors is carried out in accordance with the experimental
conditions (table 1) by the formulas
o800 yas o Al0 10 H-450

7100 0?15 0T s T s 2T 150

Thus, using the mathematical model obtained from the experimental data,

we can construct the following dependencies.

Ty

N, e

s,

LTRSS Oat s sE =

%y \\\\““““‘:‘:}:‘:’:% ey
e
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Fig. 5. Dependence of the pendulum deflection pulse (a) from the speed of the impactor and the
angle of the protective screen (b) from the tilt angle of the protective screen and the thickness of the
back layer (c) from the tilt angle of the protective screen and the hardness of the impactor (d) from
the thickness of the back layer and the speed of the impactor
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Conclusions

Analyzing the pattern of impact of the means of lesion on the protective
screen revealed by the multivariate experiment, we can conclude that the
parameters of the means of the lesion in one way or another affect on the
protective screen. That is, the means of lesion can break through this protective
screen, but during its penetration by the impactor is lost the amount of energy
that is not enough in the future to break through the main armoured obstacle.

Thus, using of a protective screen will protect the CAV from breaking
through the main armoured obstacle. It should also be noted that as the thickness
of the protective screen increases, the weight of the CAV will increase, which
will result in loss of buoyancy and decrease in other CAV characteristics..

In the future, it is necessary to carry out an experimental study taking into
account the sixth factor - the rigidity of the elastic element. Based on theoretical
and experimental data on the impact of the means of lesion on the armoured
obstacle, it is necessary to develop recommendations on the choice of a rational
method of protection of CAV.
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Cmamms naoditwna 21.01.2020

Hauroscwruil B.O., Jayenxo LI1., Koyiopy6a B.1, Anenuysxuti O./., F'onoa O.J1., Hedinbko O.M.,
Cupomenxo A.M.
EKCIEPUMEHTAJIBHE JOCJIIIKEHHSI BIVIMBY 3ACOBIB YPAXKEHHSI HA
3AXHWCHI EKPAHU BOMOBAUX BPOHbOBAHUX MAILIUH

Jlnst OLIHKM BIZHOCHHMX BIACTHBOCTEH 3aXHCHOIO €KpaHa [0 ypaxarodoi eHeprii 3aco0iB
ypaxkeHHst 0yJI0 TIPOBEICHO eKCIICPHMEHTAIbHE JOCIIKEHHS, SIKE O3BOJIMIIO IIEPEBIPUTH TillOTE3y
II0J10 3aXHUCTY OOHOBHX OPOHBOBAHMX MAIIUH BiJ 3aC00IB ypa)keHHs, Ha SIKi i€ KIHETHYHA CHepris,
3aco0iB ypaxxeHHs. Ha migcraBi naHuX, OTpHMMaHHUX MiJ 4ac eKCIEPHUMEHTAJIBLHOIO MOCIIIKEHHS,
Oyia moOyqoBaHa MaTeMaTHYHA MOJENb, KA OMUCYE IMIYJIbC yAApy yAapHUKA Y 3aXUCHHH EKpaH.
Buxopuctanns miei Mopeni Jae  MOXUJIMBICT PO3paxyBaTH BTpaTH CHEPril BHKIMKAHOI
nedopmartiero Ta pyiiHyBaHHAM Tmepelikoad. IloOymoBanuit B pesyibrari GararodakTOpHOro
eKCIePUMEHTY MaTeMaTHYHA MOJENIb OMUCYE BIUIMB 3ac00iB ypa)KCHHs Ha 3aXUCHHH €KpaH i3
BpaxyBaHHSAM IIBHIKOCTI 3aCO0IB ypa)KCHHs, KyTa HaXWIy 3aXHCHOTO eKpaHy, TOBLIUHU
HEPeJHBOrO 1 33AHHOr0 LIAPY 1 TBEPAOCTI 3aCO0IB ypaXKeHHSL.

KarouoBi cjoBa: 06oioBi OpOHbOBaHI MAaIlMHM, 3aXWCHI €KpaHH, EKCIePUMEHTAIbHE
LlOCJ'liL[)KeHHﬂ, MaTeéMaThu4Ha MOJECJIb.
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Hauroscwvruit B.O., Jayenxo LII., Koywopy6a B.1., Anvnuyexuii O.7]., T'onoa O.JI., Hedinoko O.M.,
Cupomenxo A.M. ExcriepuMeHTalIbHe J0CJi’KeHHs1 BIUIMBY 3ac00iB ypaskeHHsl Ha 3axXMCHi
eKpaHu 00ii0BUX OpoHbOBaHMX MammH // Omip MarepiaiiB i Teopist Ciopya: HayK.-TeX. 30ipH. —
K.: KHVYBA, 2020. — Bum. 104. - C. 117-135.

Jna oyinku GIOHOCHUX GIACMUBOCMEU 3AXUCHO2O0 eKpana 00 ypajcaiodoi enepeii 3acobig
ypaoicentst 6y0 NPoBedeHo eKCnepUMEeHMatbHe 00CTIONCEHH S, sIKe 00360IUN0 NEPesipUmu 2inomesy
w000 3axucmy OoUOBUX GPOHbOBAHUX MAUIUH 610 3ACO0I8 YPANCEHHS, HA KI Oi€ KIHeMUYHa eHepeis,
3aco6ie ypasicenns. Ha niocmasi danux, ompumanux nio 4ac ekcnepumeHmaibHo20 00CHONCeHHS,
Oyna no6ydo8ana MamemMamuyHa Mooeib, KA ORUCYE IMNYIbC YOapy YOApHUKA Y 3aXUCHUTL eKDAH.
Buxopucmanna yiei modeni 0ae MOJNCIUBICMb  pO3pAXyeamu empamu  enepeii  GUKIUKAHOT
depopmayicto ma pyinysanusm nepewrxoou. IloGydosanuil 6 pesyiomami 6a2amo@axmopHo2o
eKCnepuMenmy Mamemamuiyna Mooeib ONUCYE BNIUG 3ACODI8 YPAICEHHA HA 3aXUCHUL eKpaH i3
6PAXYEAHHAM  WEUOKOCMI 3aC06I6  YPAadicenhs, Kyma HAXULY 3AXUCHO20 eKpaHy, MOSWUHU
nepeonbo2o i 3a0HbO20 WApy i MeepooCmi 3acoi6 ypaicents.

L. 5. Bi6uior. 22 Ha3B.

UDC 355.41

Dachkovskyi V.0O., Datsenko LP., Kotsiuruba V.1, Yalnytskyi O.D., Holda O.L., Nedilko O.M.,
Syrotenko A.M. Experimental investigation of impact of injury measures on the protection
screens of combat armoured vehicles // Strength of Materials and Theory of Structures: Scientific-
and-technical collected articles — Kyiv: KNUBA, 2020. — Issue 104. — P. 117-135.

In order to evaluate the relative properties of the protective screen to the striking energy of the
means of defeat , an experimental study was conducted, which allowed to test the hypothesis
regarding the protection of the combat armoured vehicles against the means of defeat which, under
the action of kinetic energy, destroy the armoured obstacle.. Based on the data obtained during the
experimental study, a mathematical model was constructed that describes the punching momentum
of the protective screen.. The use of this model makes it possible to calculate the energy losses
caused by deformation and destruction of the obstacle. Built as a result of the multifactor
experiment, the regularity of the impact of the means of defeat on the protective screen takes into
account the speed of the means of defeat, the angle of encounter of the means of defeat with the
protective screen, the thickness of the front and back layer and the hardness of the means of defeat.
Fig. 5. Ref. 22
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The paper outlines the fundamentals of the method of solving static problems of geometrically
nonlinear deformation, buckling, and vibrations of thin thermoelastic inhomogeneous shells with
complex-shaped midsurface, geometrical features throughout the thickness, under complex
thermomechanical loading. The technique is based on the geometrically nonlinear equations of
three-dimensional thermoelasticity, the finite element formulation of the problem in increments, and
the use of the moment finite-element scheme. A thin shell is considered by this method as a three-
dimensional body. We approximate a shell by one spatial universal finite element (FE) throughout
the thickness. The universal FE is based on an isoparametric spatial FE with polylinear shape
functions for coordinates and displacements. The universal element has additional variable
parameters introduced to expand its capabilities. The method of modal analysis of the shell is based
on an approach that at each current stage of thermomechanical loading takes into account the
stresses accumulated at the previous stages. The developed algorithm allows one to study geometric
nonlinear deformation and buckling of elastic shells of an inhomogeneous structure with a thin and
medium thickness, as well as to study small vibrations of the shells relative to the reference
deformed state caused by static loading, taking into account large displacements and a prestressed
state. An analysis of the stability and vibration of the spherical panel with the hole is carried out.
The effect on the frequencies and mode shapes of the shell of the sequential action of thermal and
mechanical loads is investigated.

Keywords: elastic shell, hole, buckling, natural frequency, mode shapes, thermo-mechanical
load, universal finite element.

Introduction

Shells as elements of thin-walled structures are widely used in various
engineering applications such as construction, engineering, shipbuilding,
aviation and space technology, transport and other branches.

The shells can be weakened by holes, channels, cavities, and dents in
accordance with technological necessity. During operation such structures can
be subjected to loads of various nature including mechanical and thermal. At the
same time static loads significantly affect both the stress-strain state of the
structure and the dynamic characteristics which include the frequencies and
modes of natural vibrations.

Obtaining information about the natural frequencies and modes of the shell
is one of the important aspects of the complex analysis of the thin-walled
structure. This modal information plays a key role in the design of these

© Bazhenov V.A., Krivenko O.P.
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structures and can provide the strength of the elastic system even at the design
stage.

There are a large number of theoretical, numerical and experimental studies of
shells of various shapes. Background and bibliography can be found in Ref. [1-3, 9-
15]. Although the basic equations and relations of the theory of shells were obtained
long ago, until now analytical solutions to problems have been obtained only for
some relatively simple classes of shells with predominantly canonical form.
Therefore methods of numerical analysis are widely used to solve the problems of
shell theory. Currently, there is a fairly large arsenal of these methods. On their basis
effective approaches have been developed to solve a wide class of problems on the
stress-strain state, stability and vibration of thin plates and shells. A large number of
monographs are devoted to the presentation of these approaches [1-3, 7, 10, 12, 14-
21]. In general a broad bibliographic description is devoted to various aspects of
shell researches [22].This description has been compiled by David Bushnell since
2011 and is currently being updated. On this website page there are people who have
made a significant contribution directly to the field of stability loss, as well as people
who have laid the foundations of the theory and methods of researching various
aspects of analysis for shell structures. The authors as researchers involved in the
study of geometrically nonlinear deformation, stability, buckling, and oscillations of
thin elastic shells [1-3] are also included in Shell Buckling People.

In recent decades the number of articles on the analysis of elastic shells has
expanded significantly. Among them much attention is paid to analyzing elastic
thin shells reinforced by ribs [1-3, 5,6,7,11, 23-25]. Much less research has been
devoted to investigating shells with various weakening [1-8].

The article is a continuation of studies of deformation, buckling, and
vibrations of shell structures. Research is devoted to modal analysis of a thin
shell with a hole.

1 Problem statement and research method

The methodology for studying the natural vibrations of thin-walled shell
structures, taking into account the effects of static thermo-mechanical loading, is
based on an integrated approach. The finite element method [1-2] for
investigating static problems of the stress—strain state, buckling, and
postbuckling behavior of thin inhomogeneous shells, and the method [3, 26] for
modal analysis of shells taking into account the pre-stressed state at each step of
the thermo-mechanical load are used. Thus, the problem of determining the
natural frequencies and vibration modes of the shell is solved by the incremental
method in two stages.

At the first stage, the static problem of nonlinear deformation of
inhomogeneous shells is solved by the method given in Ref. [1-2]. At this stage
for the corresponding increments of the static load the parameters of the stress-
strain state for the finite-element shell model (FESM) are determined. These
parameters include: deformed shape (new coordinates of the nodes and
increment of displacements for them), the stresses in the finite elements (FE),
and others. This problem is solved for each increment of thermo-mechanical
load.
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The method is based on the geometrically nonlinear equations of three-
dimensional thermoelasticity, the finite element formulation of the problem in
increments, and the use of the moment finite-element scheme (MFES).

To develop the FESM, we approximate a thin shell by one spatial FE
throughout the thickness. The universal FE is based on an isoparametric spatial
FE with polylinear shape functions for coordinates and displacements.
Additional variable parameters have been introduced to enhance the capabilities
of this FE [1-2]. The nonlinear deformation of shells is analyzed using the
incremental method based on the general Lagrangian formulation. The problem
of nonlinear deformation, buckling, and post-buckling behavior of
inhomogeneous shells is solved by a combined algorithm. The algorithm
employs the parameter continuation method, and a modified Newton—
Kantorovich method at the step of the load's increment [1-2].

At the second stage of the current step, the thermo-mechanical load is
assumed to be zero (i.e., "deleted") and the parameters of natural vibrations are
determined [3, 26]. At this stage we use the new shell shape and the pre-stressed
state which has been determined at the first stage. For each load increment the
natural frequencies and mode shapes are computed until a negative value of the
fundamental tone (lowest frequency) appears. This is because of according to
the dynamic criterion, the moment of the loading at which a negative value of
the frequency appears may be taken as the moment of loss of stability of the
shell and this load is adopted as critical [3, 26, 27].

The determination of the natural frequencies of the shell is not performed at
the next steps of the thermo-mechanical load increment. Next, only the post-
buckling behavior of the shell is investigated. The accuracy of the calculation
for the natural vibrations of the shell taking into account the pre-stressed state is
confirmed by the coincidence of the value of the upper critical load with that
obtained in another way.

This approach allows us to analyze the joint effect of thermo-mechanical
load parameters and the geometric characteristics of the shells on the buckling
and natural vibrations of shell structures.

2 Buckling and natural vibrations of a panel with a hole

A shallow spherical panel of square planform hinged at the edges and having
a central square hole is considered
(Fig. 1). The shell is under the
action of  thermo-mechanical
loading.

Curvature of the panel is defined
by the parameter K=2 az/(Rh)=32,
where: n=1 cm is the thickness,
a=60h is a size of the panel in the
. plan, R =225k is the radius of mid-
Fig. 1. A shallow spherical panel with a central hole ~ surface. The input data: width of the
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hole b, =124, elastic modulus E = 2.1-10° kg/cmz, Poisson’s ratio v=0.3,

linear expansion coefficient a=0.1210"*deg™', p=7.85-10" kg/cm?3. The

data are taken from Ref. [7, part. 2], where the problem of panel stability under
the action of pressure alone is considered.

The effect of the thermo-mechanical load on the panel consists of two
stages:

(1) the shell is gradually heated by the temperature field whose parameter

increases from 0°C to a set value 7°C. So, at the first stage the stress—strain
state of the shell is perturbed by the temperature field;
(i1) the panel is subjected to uniform normal pressure of intensity ¢ in

addition. So, at the second stage the temperature field is remaining constant.
We consider three options for preheating at 7' =-20°, 0°, 20°C . Results are

presented in terms of dimensionless parameters: g =a’q / (ER*y, u" =u" / h,

where u! is the deflection of the panel along the axis x! .

The results of investigations of the processes of geometrically nonlinear
deformation and buckling of a smooth panel and a panel with a hole are details
presented in in Ref. [1-2, 28].

Examination of the dependence of the frequencies and modes of natural
vibrations of a smooth panel on the mechanical load is given in [4, 26]. It is
shown that neglecting the prestressed state (only the new deformed state of the
shell was taken into account) leads to an incorrect determination of the upper
critical load and frequencies.

The calculating results of a smooth panel are basic for analyzing the effect of
geometric features such as holes on the natural vibrations of a shallow shell.
There is the dashed line with the mark “wsm” for the solution of the smooth panel

— 9

on the “load — deflection” (“g —u ) and “load — frequency” (“¢ —®”) curves.
The calculation results for a panel with a hole are marked “ m:m ”. For the panel
without hole the deflection have been considered at its center, and for the panel
with a hole the deflection have been considered at the point 4 (Fig. 1). The
design model is the panel with mesh 40x 40 FEs.

The accuracy of calculations in the problems of buckling of the indicated
panels had been determined by a comparative analysis of the solutions obtained
using the MFES and calculations performed using the software LIRA [29]
(Fig. 2, Fig. 3).

A comparison of the “q —u ” curves obtained by the MSFE and software
LIRA for shells without hole (mmm) and with hole (m::m) when their loading only
pressure (7=0°C) reveals agreement between the “g—u " curves in the
prebuckling domain and when loss of stability. The difference between the

values of g is respectively -1.9% and 2.9% (Fig. 2).
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For all heating cases, both solutions are in good agreement with each other
throughout the “g —u ” curve (Fig. 3). The disagreement between the values of

g is an area 3.0-3.5%. Configurations for the deformed shell after

pre-cooling to 7'=-20°C and preheating to 7 =+20°C obtained by both
methods, are in complete agreement with each other and have little difference
from the original form (7 =0°C, ¢ =0). Forms of buckling are in good
agreement too (Fig. 4 (a)). Buckling of the panel occurs with click of its central
part (Fig. 4 (b)).
; We have found that that
o E=32 = weakening of the smooth panel
0 ("=mm'") by the central hole ("m:m")
N reduces the critical load g by
N 19.2% (Fig. 2). For the shell with the
. NN hole ("w:m"), pre-cooling and
oot b s preheating leads to a change in the
0= critical load g by 9.78 and -9.97%

X

-0.005

0,015 [ i 3 compared to the corresponding
| unheated panel (7 =0°C) (Fig. 3).
-0.02 AT x? An analysis of the natural
0 005 01 015 02 025 03 yibrations of the smooth ("mm") and
weakened ("m:m") panel shows that
for unloaded shells (T=0°C,g =0)
the presence of a hole reduces the
frequency o, by 3.3% (Table 1). At

the same time, frequencies ®; and

®, are double for a shell without a
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hole, and frequencies ®, and ®; are double for a panel with a hole. Therefore,
the mode shapes differ for the respective shells. For the smooth panel, the mode
shapes that correspond to double frequencies ®, and ®, are conjugate, and the

mode that corresponds to the frequency 5 is characterized by the oscillation of

the central part of the shell (Fig. 5). The opposite nature of the mode shapes is
observed for a panel with a hole (Fig. 6). Modes transform in accordance with
the change in the number of double frequencies during loading (Table 1). At
buckling domain, the vibration modes have the same shape for the shell without
a hole (Fig. 5 (¢)) and with it (Fig. 6 (a)).

Table 1
Panel natural frequencies ; at various load values 7' (T=0°C)
Ne
al‘ ®;, Hz 0, , Hz O3, Hz Oy, Hz O, Hz W, Hz
i .53378e+3 .53378e+3 .54740e+3 .69124e+3 .79609¢+3 .81664e+3
Bt .51604e+3 .51938e+3 .51938e+3 .60926e+3 71434e+3 .81960e+3
1 51213e+3 S51251et3 S51251et3 .59917e+3 .70329e+3 .81049¢+3
2 .49805e+3 .49805e+3 .50057e+3 .58103e+3 .68530e+3 .79348e+3
3 47453e+3 47453e+3 48176e+3 .55137e+3 .65603e+3 .76620e+3
4 .43368e+3 .43368e+3 .44905e+3 .49943e+3 .60537e+3 .72019e+3
5 .34814e+3 .34814e+3 .37947e+3 .38773e+3 .49978e+3 .63141e+3
6 .27518e+3 .27518e+3 .29254e+3 .33249e+3 45578e+3 .58481e+3
7 .24566e+3 .24566e+3 .25091e+3 31914e+3 44342¢e+3 .57459e+3
8 .18104e+3 .19133e+3 .19133e+3 .28532e+3 41071e+3 .55581e+3
9 .14446e+3 .16503e+3 .16503e+3 27148e+3 .39684e+3 .54946e+3
10 .85034e+2 .13249¢+3 .13251e+3 26427e+3 .38724e+3 .54844e+3
11 -.31833e+5 | .93008e+2 .93082e+2 .26060e+3 .37989%¢+3 .55059e+3

2

vy
Eae e
LR
R

Fig. 6
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The “g—w,;” curves have the
same fashion for the investigated
shells when only pressure is acting
(T=0°C) (Fig.7). The load
moments at which the natural

vibrations have been calculated are
shown in the figure. These moments
correspond to the load g¢ (i=1,11)
(Table 1). The applied pressure
causes a restructuring of both
frequency multiplicity and vibration
modes. The frequencies ®, and ,
become  double  when i>8.
Accordingly, the mode shape for the
frequency ®, becomes the simplest
(Fig. 6 (a)).

Preheating and pre-cooling of the
shell leads to small changes in the
frequencies (Table 2). In the case of
pre-cooling by 7 =-20°C, the mode
shapes are similar to ones shown in
Fig. 6. In the case of preheating by
T =+20°C, the mode shapes are
similar to the (b), (c), (a) shapes of
Fig. 6.

The “g—w;” curves have the

same fashion for the investigated shell in all cases of heating (Fig. 8). At
buckling domain, the mode shape is similar to the shape from Fig. 6 (a) for all
cases of heating.

Table 2
Natural frequencies for the heated panel ("w:m", g =0)

T°C ! ) 3 Wy @5

0 .51604e+3 | .51938e+3 | .51938e+3 | .60926e+3 | .71434e+3
+20 | .53017e+3 | .53028e+3 | .53151e+3 | .61665¢+3 | .71662¢+3
A0 +2.37 +2.10 +2.33 +1.21 +0.32
-20 49977e+3 | .50829¢+3 | .50838e+3 | .60211e+3 | .71205e+3
A -3.15 213 -2.12 -1.17 -0.32
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Conclusions

The finite element approach for determining the natural vibrations of shells
of an inhomogeneous structure is developed on the basis of a modified
isoparametric spatial finite element with polylinear shape functions. The
algorithm for modal analysis of the shells is based on the finite element method
for studying shells with geometric features throughout thickness. The
prestressed state of the deformed shell is taken into account at each stage of
thermo-mechanical loading.

An analysis of the stability and vibration of the spherical panel with the hole
is carried out. The effect on the frequencies and mode shapes of the shell of the
sequential action of temperature and pressure is investigated. We have shown
that the developed method is an effective tool for a comprehensive study of the
stability and vibrations of inhomogeneous shells of thin and medium thickness
under the action of thermo-mechanical loads.
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Fbaocenos B.A., Kpusenko O.I1.
BTPATA CTIHKOCTI TA KOJIUBAHHSI OBOJIOHKH 3 OTBOPOM IITIJI IEIO
TEPMOCHJIOBOI'O HABAHTAKEHHSI

VY craTTi BHKJIaJeHI OCHOBH METO/Y PO3B’s3aHHS CTATHYHMX 3a/1a4 T€OMETPUYHO HENiHIHOro
nehopMyBaHHS, BTPATH CTIMKOCTI Ta KOJIMBAaHb TOHKHX TEPMOIPYKHHX HEOJHOPIAHUX 000IOHOK 3i
CKJIaJHOI (OPMOIO CcepenHbOl MOBEPXHI, 3 T'€OMETPUYHHMH OCOOJIMBOCTAMU 33 TOBILIMHOIO, B
yMOBax [ii CKJIaJHOr0 TEPMOMEXaHIYHOIO HaBaHTKEHHSA. MeTox 3aCHOBaHHH Ha I'€OMETPHYHO
HENIHIHHUX ~ CHIBBIJHOIIGHHAX  TPHUBHUMIPHOI  TEPMOINPYXXHOCTI,  CKiHUCHHO-EJIEMEHTHOMY
¢dopmynroBaHHI 3a1a4i B IPUPOCTaX | BUKOPHCTAHHI MOMEHTHOI CXeMH CKIHUYCHHHX CJIEMEHTIB. 3a
MM METOZOM TOHKa 00OJIOHKA PO3TJISIIAETHCS SIK TPUBHUMIPHE TilO, IKE MOACIIOETHCS 110 TOBILIHMHI
OIHHM YyHIiBepcaJbHHUM mpocTopoBuM ckiHueHHHM enemeHtoM (CE). VHiBepcanbhuii CE
po3pobiieHuii Ha OCHOBI i3omapamerpuunoro mnpocroposoro CE 3 mominiHiiHUMH (yHKLisIME
dopmu U1l KOOpAMHAT i mepeMimieHb. MOXIHBOCTI MOAM(}IKOBAHOrO €JIeMEHTa PO3IIMPEHi 3a
paxyHOK BBEICHHS IOJATKOBHX 3MIHHMX [apamerpiB. Meroanka MOJANbHOIO —aHawi3y
HEOJHOPIHMX OOOJIOHOK 0a3yeThcsi Ha MIiAXO[i, 338 SKUM Ha KOXXKHOMY KpOLi TEPMOCHIIOBOI'O
HaBaHTAXXCHHS BPaXOBYIOThCS HAKOMHWYCHI Ha MOMNEPEIHIX KpPOKaxX HampyKeHHs. PospolOiieHa
METOJMKa [03BOJSIE KOMIUIEKCHO JOCHII[DKYBaTH TE€OMETPHYHO HeliHiiiHe aedopMyBaHHS Ta
CTIfKiCTh TOHKHX 1 CepeqHbOI TOBIIMHH MPYKHUX OOOJIOHOK HEOAHOPIAHOI CTPYKTYPH Ta BUBYATH
Maii KOJMBAaHHA OOOJOHKHM BiJHOCHO BiJJIKOBOrO He(OPMOBAHOTO CTaHy, LIO BHKIMKAHHN
MOBUIBHMM ~ CTATUYHHM  HABAaHTKCHHAM, 3  YpaxyBaHHSIM  BEIMKHX  IepeMilleHb i
HepeJHANPYKEHOro CTaHy. BikoHaHO aHai3 CTIHKOCTI Ta KOMMBaHb CHEPUIHOI MAHEIi 3 OTBOPOM.
JlociifkeHO BIUIMB IIOCHTIZAOBHOI [ii TEMUIOBHX 1 CHJIOBHX HAaBAaHTAXXCHb HA 4YacTOTH i (OpMH
KOJIIBAaHb 00OJIOHKH.

KarouoBi cioBa: mnpyxHa o000JIOHKa, OTBip, BTpaTa CTIHKOCTI, BJacHa YacroTa, (opma
KOJINBaHb, TEPMOCHJIOBE HABAHTAXKCHHSI, YHIBEPCAIbHUI CKIHICHHHUH €JIEMEHT.

Fbaocenos B.A., Kpusenko O.I1.
MOTEPS YCTOMYUBOCTHU U KOJIEBAHUSA OBOJIOYKH C OTBEPCTUEM MO/,
JEACTBUEM TEPMOCHJIOBOM HAI'PY3KH

B CTaTb€ M3JIOKEHBI OCHOBBI METOAA PCIICHHA CTaTHYCCKUX 3aJgady TCOMETPUYCCKU
HEJIMHEHHOro 1edopMHpOBaHHs, MOTEPH YCTOWYMBOCTH M KOJEOAHUH TOHKHX TEPMOYIPYIHX
HEOJHOPOJHBIX O000JIOYEK CO CIIOKHON (OPMOW CPEeAMHHON MOBEPXHOCTH, C T'€OMETPUUYCCKUMHU
OCOOGHHOCTSIMH IO TOJIUMHE, B YCIOBHAX ACHCTBUS CIIOKHOW TEPMOMEXaHMYECKOW Harpy3KH.
Meron OCHOBaH Ha I'€OMETPUYECKH HEJIMHEHHBIX COOTHOLIEHUAX TPEXMEPHOHW TEpMOYIPYIOCTH,
KOHCYHO-3JIEMEHTHOM (OPMYJIMPOBKE 3ajlayd B MPHPALICHUAX W HCIOJb30BAHUM MOMEHTHON
CXEeMBI KOHEYHBIX 3JIeMEHTOB. TOHKasi MepeMEHHOIH TOMLIMHBI 000JI0YKa CIOKHOH I'€OMETPHYCCKOIt
(hopMBI paccMaTpHBAECTCS COIVIACHO METOLY KaK TPEXMEpHOE Telo, KOTOPOEe MOAEIHPYETCS IO
TOJILMHE  OJHUM  YHHUBEPCAJIbHBIM  IPOCTPAHCTBEHHBIM  KOHEYHbIM  3neMeHToM  (KD).
VYuuBepcanbublii KD pa3paboTaH Ha OCHOBE H30IapaMeTpPUYECKOro mpocTpaHcTBeHHOro KO ¢
HOJMMIMHEHHBIME  GYHKIHMAMH  (GOpMBI UL KOOPAMHAT M HepeMelleHHd. Bo3amoxHoCTH
MOLll/l(bl/lLll/lpoBaHHOFO DJIEMCHTA pPaCIIMPEHBI 3a CYET BBCACHHUA HOIOJIHHUTCIBHBIX IMMEPEMEHHBIX
napameTpoB. MeToinka MOJAJIbHOIO aHaJIN3a 000JI0UKH 0a3upyeTcst Ha MOAXO0/E, KOrla Ha KaXK10M
mare TEPMOCHJIOBOIO HAarpyX€HUs Y4YUTBHIBAKOTCA HANPSOKCHUSA, HAKOIJICHHBIC Ha NPEAbIAYIIMX
marax. PaspaGoraHHas MeTOAMKa IO3BOSET KOMIUICKCHO —HCCICHOBATh I'EOMETPHYCCKU
HEJMHEeHHOe 1e()OpPMUPOBAHUE M YCTOHYMBOCTh TOHKHX M CPEIHEH TONIMMHBI YIPYTHX 000JI0YEK
HEOJHOPOJHONW CTPYKTYpBI, a TaKXkKe H3ydaTb Majble KojeOaHus OOOJIOYEK OTHOCHUTEIbHO
OTCYETHOr0 Ae(OPMUPOBAHHOTO COCTOSIHHSI, BBI3BAHHOI'O [TPOM3BOJIBHOI CTATHYECKOI HArpy3KOii, ¢
y4eToM OOJIbIIMX IEpeMELICHUH W INPEeJHANPSDKEHHOro  COCTOSHMS. BbinonHeH —aHanmu3
YCTOHYMBOCTH U KojiebaHuil cepuueckoil maHean ¢ ortBepcrieM. McciaemoBaHo BIMsSHUE
TI0CJIE/IOBATEILHOTO BO3I€HCTBUS TEIUIOBBIX U CHJIOBBIX HAarpy30K Ha 4acTOThl U (OpMbI KoJeOaHU
000J104KH.

KaroueBble cjoBa: ynpyras 000JI04Ka, OTBEPCTHE, MOTEPs YCTOWYMBOCTH, COOCTBEHHAsS
JacToTa, opma KojaeOaHuil, TepMOCHIOBas HAIPY3Ka, YHUBEPCAIbHBII KOHEUHBIH 3JIEMEHT.
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Abstract. This paper deals with the nonlinear oscillations of a prestressed reinforced concrete
beam firmly attached to two supports. The beam is subjected to a harmonic force. The calculations
of such beams are associated with a number of uncertainties in the initial data. This publication is
devoted to questions of their correct accounting.

For a long period of time in mechanics, to tack into account some uncertainties, they have been
using the probability theory for modeling and such theory dominates. It have been proven that the
probability theory can solve a lot of problems but nevertheless it has some weaknesses. In particular,
the lack of statistical information or incomplete information does not adequately reflect the real
object of study in a mathematical model. Recently, many researchers have noted that the uncertainty
in construction is not only stochastic in nature, and this provides an impetus for the introduction of
new developing methods and theories of soft computing. Among them, theories of fuzzy and rough
sets, the reliability of which has already been proven in solving control problems, etc. They are the
most popular and effective theories now.

For the beam under consideration, the amplitude of beam oscillations is determined, provided
that its parameters are indeterminate (fuzzy) and vary within certain limits. An example of
determining the amplitude of the oscillation of the 33-meter-long prestressed beam designed by
Soyuzdorproekt is studied. The membership function for the amplitude of the beam transverse
oscillations using the theory of fuzzy numbers is constructed. The influence analysis of the fuzziness
of the disturbance frequency value on the amplitude of oscillations is performed.

It has been revealed that even a small indeterminacy in the frequency setting can cause the beam
damage, although there will not yet be any damage when setting the accurate frequency. Thus for

the value @{”

=18.2 , the corresponding value A3(°) of the right endpoint of the amplitude interval
exceeds the maximum acceptable value of 0.076 m, although the modal value of the amplitude does
not exceed the acceptable value. Therefore, when calculating the amplitude of structural oscillations,
the interval endpoints of the frequency variation should be taken into account, and not its modal
value. Analysis of the table shows that further increase in the oscillations frequency leads to
resonance, because it moves beyond the acceptable limits both the endpoints of the interval of
undetermined amplitude, and the modal value.

Keywords: forced oscillations of prestressed concrete beam, membership function, perturbation
frequency, the theory of fuzzy numbers.

1. INTRODUCTION

The project designing is connected with the parameters of materials needed for
its creation such as the elasticity modulus of concrete and steel. They are not
determined as well as the dimensions of units of the unbuilt construction
Therefore, at the design stage one should take into account the indeterminacy of

© Baiev S.V., Volchok D.L.
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parameters and foresee its further consequences. We will show how to take into
account the indeterminacy of the parameters for defining the amplitude of the
oscillations of the prestressed concrete T-shaped cross section beam objected to
harmonic perturbation. Prestressed concrete beams are widely applied in bridge
construction due to the use of high-strength reinforcement. It is known that
concrete is well-compressed but it does not work well in tension. Therefore, the
reinforcing frame includes high-strength rebar. To fully use the carrying capacity,
the high-strength rebar is stretched between stops before its concreting. Without
pre-tension of the reinforcement the concrete layer inside it is not able to
withstand stretching and may crack. This cannot be allowed, because the moisture
that penetrates into the cracks from outside will cause corrosion of the
reinforcement. In addition, cyclic freezing and thawing destroys the beam.
Therefore, pre-tension of the reinforcement is applied. Such 33-meter-long beams
have been designed by "Soyuzdorproekt" and applied in bridges for over 50 years.
The precast beams are manufactured with the help of the rolling stands. First, the
reinforcement frame including 10 bunches of 5 mm high-strength wire is mounted
on a metal rolling stand. Each bunch consists of 24 wires. There are anchors at the
ends of the bunch. The main task of an anchor is to pass on the tensile force of the
bunch to the concrete after his release from the catch. After stretching the bunches
to the designed size the stand with the frame and tensioned bunches is rolled into
the casting workshop. After casting with concrete, the beam doesn’t reach the
designed strength. Thus the beam is rolled into the steaming chamber where it is

kept for 24 hours at a temperature of 90°C . It reaches the designed strength in
this chamber (under normal conditions it takes 28 days). After steaming the
finished beam is rolled to the warehouse
(Fig. 1). The bunches are released from the
catches there. As concrete compresses the
beam flexes upwards. Calculation of the
tensile force of the bunches provides the
absence of cracks in the top layer of the
beam.

Consider the  forced transverse
vibrations y(z,f) of the beam with the

constant moment of inertia of section /, the
modulus of elasticity of concrete E, the
cross-sectional area S, the length / , and

the linear mass m . Here z is the abscissa
of the point of the beam axis, ¢ is time. Let
us consider the case where both supports on
which the beam rests, for some reason are

Fig. 1. A prestressed beam on a stand stationary (Fig. 2). In this case, a horizontal
reaction H arises under the transverse displacement, and it is determined by the
following formula
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_ES 1,
H_T-jo yidz . (1.1)

Fig. 2. Sketch of the beam fixed on two supports

The transverse variable force affects the beam Fj(¢) . Taking into account

the formula (1.1) and according to N.G. Bondar [1], we obtain the following
equation of oscillations

Lzn=2 (y —ay f; yfd2)+ Y 02 (1.2)

m m
Here, the subscript for the function y denotes the partial derivative with
respect to the corresponding variable, 6(z)—9 is the Dirac function, and b is a

point of application of a force. We seek a solution in the following form
y(z,f):x-sin%, (1.3)

where x = x(¢) . This solution satisfies zero geometric and force conditions. In

accordance with the Bubnov-Galerkin method, we substitute function (1.3) for
equation (1.2) and minimize the functional

j(j L(z,t)-sin % dz.

We result at the Duffing's equation

i+ta-x+B-x =F(@), (1.4)
Where
‘EI 2F, (¢
a:ﬂ—4’ ﬂ:a.i’ E(f): 0()Sin”_b. (15)
ml 4] [-m

Let F,(t)= f-sinw-t, where f isthe amplitude of the perturbing force, ¢ is
time, @ is the frequency of harmonic perturbation. Let the perturbing force be

applied in the middle of the beam (sinﬂTb=l). After the replacement of

2- . .
l_f = F, equation (1.4) is expressed as
-m
¥+a-x+p-x =Fsinot . (1.6)
Thus, the problem of oscillations of a beam with the geometric nonlinearity
leads to the solution of the Duffing’s equation with a strict characteristic of the
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restoring force (a >0, >0) The problem of oscillations of a beam with the

physical nonlinearity also leads to the Duffing’s equation (1.4) , when the
tension is connected with the relative elongation by the relationship
c=E-c+p,-¢.

In this case, the coefficient S can be either positive or negative.

In articles [2, 3] a fuzzy double crisis is observed in the forced Duffing’s
oscillator with multiplicative fuzzy noise. The Duffing’s equation contains only
one fuzzy parameter with triangular membership function. In this paper, we
consider the forced Duffing’s oscillator having several triangular fuzzy
parameters. Let us consider the stationary mode of oscillations of a system,
according to which the principal component of the solution has the form of the
right-hand part. Naturally, this regime occurs under certain initial conditions.

2. PROBLEM DEFINITION

Let us construct an approximate solution by the Duffing’s method. In order
to reduce the quantity of equation parameters, we proceed to dimensionless
variables. Let x, be the static deviation of the corresponding linear system

5 =1L @1
a

A new dimensionless variable y can be defined by the equality

X
=—. 2.2
Y 22)
This is a relative displacement. Taking into account the equality (2.1), we
obtain from the equality (2.2) the following
X-a
== 2.3
y="% (23)
We proceed to the dimensionless argument 7 connected with the variable ¢
by the equality
Ja-t=t. (2.4)
Considering the equations (2.3) and (2.4), we result at the equation in
dimensionless variables, which has already got one parameter ¥ instead of three
2

d’y

T2+y+;/~y3=sinv-r. (2.5)
Here
LF?
7’=ﬂa3 ) (2.6)
y="2. 2.7)

Let the null approximation have the form of the right-hand part and is a
harmonic
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y=Asinv-t (2.8)
with not yet defined amplitude A4 . Depending on the initial conditions, the
value of the amplitude A can be either positive, which corresponds to the in-
phase oscillations with the active force, or negative, which corresponds to the
oscillations in the antiphase, respectively. The null approximation satisfies the
initial conditions

bid dy

T=——7V\ y=4, —=0. 2.9
2-@ 4 dr @9)
In accordance with Dufing’s idea, we add to both parts of equality (1.6) the

expression v* -y . We get the following
2

d’y
dr?
Substituting the expression (2.8) for the variable y for the right-hand part of

+viy+y+y-y =sinv-r+vioy.

the equation as well as the third and the fourth members from the left-hand part

of it, we result at the equality
2

d’y
dr’
The eigenfrequency of the linear system, artificially created as a result of the

+v? ~y=sinv~z'~(1—A+VZA—%~7/~A3)+%~7/~A3 sin3-v-7t. (2.10)

adding the summand v>-y to both parts of the equation, coincides with the

frequency of the first right-hand part summand. To exclude resonance, the
expression in parentheses from the right-hand part should be equated to zero.
This is the sense of the Duffing’s idea. We reach the equation for determining
the amplitude

1—A+v2A—%-y-A3=O, (2.11)

The last equality is the amplitude-frequency characteristic equation. Now the

equation (2.10) is expressed as
2

d’y

dr’

A particular solution of this equation which satisfies the initial conditions
(2.9) is expressed by the equality

+v2~y=%~)/-A3sin3~v~r,

3
. & . .
=A4sinv -7+ ——-(sinv-t —sin3-v 7).
y R ( )

This equality describes the first approximation of the equation solution (2.5).
The equation (2.11) of the amplitude-frequency characteristic (AFC) of the null
approximation contains only one parameter y . The diagram of the function v
under y =1 is shown in Fig. 3.

By replacing the variables in this equation, you can get rid of this parameter
as well. First, we find the minimum point of the diagram of the perturbation
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frequency v and the oscillations amplitude A4 relationship. This point has the

following coordinates
_ 2 ,v*=,/1+3~3/ﬂ.
3.y 16

We enter new dimensionless

variables ¢ and 4 and express
through them the amplitude A
and oscillations frequency v , by
the formulas

via) 2
A=—-d-3 , (2.12)

3.y

3.y
1+3-¢-3 1— (2.13)

—108—6420246810

The substitution units in
these equalities instead of
variables ¢ and d gives us the
coordinates of the minimum
point of the function v . Substituting the right-hand parts of equations (2.12) and
(2.13) into equation (2.11), we result at the equation in new dimensionless
variables ¢ and d :

a

Fig.3. Diagram of the amplitude-frequency relationship

d*-3-c-d+2=0, (2.14)
which no longer contains any parameter. The diagram of the relationship
between the variables ¢ and d is shown in Fig. 4. From equality (2.13) we
express the variable ¢ through the frequencyv :

5 AU
) 3-312-y
. Taking into account the
equalities (2.6) and (2.7),
: we find
1 2
4-(0° —)
=———= (215
ﬂ,? ¢ 3'3112'/3-F2 ( )
. The equality (2.3) shows
5 that the amplitude A4, of the
- oscillations of the variable
o x is related to the
-3 5 -4 -3 -2 -1 4 = amplitude A of the
d dimensionless variable y

Fig. 4. Diagram of relationship between ¢ and d by the equality
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A-F
4=

Taking into account the equalities (2.6) and (2.12), after simplification we

obtain
4 =—d~3/§:—;. (2.16)

According to the Cardano formulas, from the equation (2.14) we find the
value d as a function c:
d=d(c)=W(c)+V(c) for any value of c; (2.17)

d =da(c)=-0.5-(W(c)+V(c))+0.5 -(W(c)—V(C))w/Z ,if ¢>1;(2.18)
d=db(c)=-05-(W(c)+V(c))-0.5- (W(c)—V(c))w/z ,if ¢>1. (2.19)
Here the following is expressed

W(e)=+-1+V1-¢*, V(e)=v-1-+1-¢" .

The diagram of the function d is shown in Fig. 5. The equation (2.14) has a
single real root if ¢ <1, and it is
defined by the formula (2.17). If

¢>1, the equation (2.14) has &
three real roots, and they are 3
defined by formulas (2.17), a(y)

(2.18) and (2.19). In this case, =—— 1

the branch of the diagram that ~ 4a(¥)

corresponds  to the formula gy
(2.18) for ¢>1, and formula

(2.17) for ¢ <1, determines the i ""--.,"

negative values of the root d 4

and corresponds to the large (in- .

phase) oscillations of the beam. -5 -4-3-2-10 1 2 3 4 5
The branch of the diagram, ¥

which  corresponds to the
formula (2.17) for c¢>1,
determines the large positive values of the root. It is proved that they correspond
to unstable points of the amplitude-frequency characteristic, so they should not
be taken into account. The branch which is defined by the formula (2.19) for
¢ >1 determines the smaller positive values.

It corresponds to the small (antiphase) oscillations of the beam. The
relationship between the function d and parameter ¢ for large oscillations takes
the following form

Fig. 5. Diagram of the function d

da(c),if c¢>1,

dzdm(c):{ d)if c<1 .
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tn

4
3
2
1

dm(y)

-4

The diagram of the
relationship ~ between  the
function d and parameter ¢
denoted by a continuous line

for large (in-phase)
oscillations, and by a dashed
line for small (antiphase)

oscillations is shown in Fig,. 6.

The realization of large or
small oscillations depends on
the initial conditions. Taking
into account equalities (2.15)

=§
~5-4-3-2-10 1

v

Fig.6. Diagram of the function d for large and small

oscillations

2

3

4

5 and (2.16), we obtain the
amplitude of oscillations 4, .

Let wus calculate the
amplitude of oscillations under

undetermined values of parameters of the T-shaped prestressed beam. We will
consider the beam parameters as undetermined triangular numbers, because they
have valuable properties such as the simplicity of the description and the clarity
of the interpretation, the keeping of the form when adding and subtracting, and
the convenience of decomposition on a « - level system. Besides, there is no
statistics for such a problem. A cross section of the beam is shown in Fig. 7. All
sizes are given in millimeters. Here /= 1730mm’ a =200mm , b =580 mm

e =1400 mm = c¢= 20mm . We calculate the moment of inertia of the beam

cross section. First, we determine the position of the neutral axis y, with

respect to the lower face of the cross section. The standard stress P, in one

g

R300

6d
R200

i

|
‘L’ b [‘

Fig. 7. Cross-section of the beam

160

bunch is equal to 499300N and
corresponds to the stretching of the
reinforcement by 198 mm. After
cutting the bunches, the concrete
shrinks and the stress in the beam
decreases. We determine the total
stress in ten bunches after concrete
compression. The tension stress of the
reinforcement after compression of
concrete decreases and is expressed
0.198 —x

0.198
it to the compression

as P,=10-P, -  Equating

stress of
concrete which is equal to S-?E

we find the wvalue x of the
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contraction of the bunches: x =0.0086 m. Here S =0.704m’ is the area of the

beam cross section, E =26-10°Pa is the modulus of elasticity of concrete of a
B 35 rate, / =33m is the length of the beam.

The reduced tension force of the bunches P, is 4.776-10°N. The position of
the neutral axis depends on the stress in the tensioned reinforcement. The
manufactured beam lies on the rolling stand and is under the influence of its own
weight and compressive force passed from the prestressed reinforcement. The
beam lying on the stand, in accordance with the design, has a short-term bend A
caused by the prestressing force and its own weight and it is equal to 32.5 mm.

We result at the equation with respect to the value y, :

M- 5 gl
8-E-1(y,,0) 384 E-I(y,,0)
Here the first summand is the inflection from the beam compression by

stretched beams, the second summand is the deflection from the beam's own
weight, g is the load from the beam's own weight ¢ =17218N/m, M(y,) is

=0. (2.20)

the moment of the compression of the concrete by prestressed reinforcement
M (39) =Py (¥a = ¥0)-
Here y, is the distance from the lower face of the cross section to the center

of the bunches. The moment of inertia is a function of the position of the neutral
axis y, and the deviation & of the cross-sectional dimensions from the
designed values. It is defined by the following formula

0.0849 £1.73+6
100:8)=2[ [y [} 30 o+

0
0.138+65 1.73—/0.04—(x—0.28-5)*
oases

0.08+5 J0

0.31+8

0.51-x 5
138+5.[o (y_yO) dydx —

(v =) dyelx +],

_jo.31+5j10~(x—0.29—5)( 3 ) dvd +J~0.38+5J~173+x ( ) dvd+
0.29+6 J0 Y=Yo) @YAXT] ) ers 1.25++/0.09—(x—0.38-5)? =)o) @yex
+J‘0.7+6J‘173+6 y y dydx] (221)
0.38+8 J155 0 ’ ’

Similarly, we calculate the cross-sectional area as a function of deviations of
the cross-sectional dimensions. Let the dimensions of the section have a deviation
within the tolerance +0.003 m. Solving the equation (2.20) and taking into
account the equality (2.21), we can calculate the moment of inertia. Depending on
the deviations of the cross-sectional dimensions, the cross-sectional area S and the
moment of inertia / have the following values and intervals of variation

S§=0.704m>, 0.691m*><S<0.718m’;
I=0285m*, 0.281m*</<0.29m".

Let the undetermined length of the beam /, the linear mass m, the modulus of

elasticity of the concrete E , the amplitude of the perturbation force f and the
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perturbation frequency®, as well as their intervals of variation have the
following values
[=33m, 32.99m</<33.0lm;
m=1756kg/m, 1724kg/m<m <1791kg/m
E=26-10"Pa, 25-10°Pa<E <27-10°Pa;
f=50N, 499N < f <50.1N;
o =178 Hz, 17.7Hz <w <17.9 Hz.
3. DEFINITION OF AN UNDETERMINED TRIANGULAR NUMBER
An undetermined triangular number is a number with a carrier
Supp(A) = [al,a3] with a single modal value for which uA(x)=1 and the
membership function [4]:

x—a
_— a, £x<a,,
a, —aq
a, —Xx
3 .
UA(x) = , a,<x<a; 3.1)
a;—a,
0, x<a,x>a,.

The undetermined number function can be interpreted as a measure of the
designer's confidence that all the points of a certain segment differ little from the
determined value that belongs to it, and we probably do not know the determined
value. It’s natural that the longer the segment, the less confidence that all its points
are close to the determined value. The membership function is a subjective
evaluation. The values that the membership function takes are called the o -level
of the undetermined number. For example, if according to the results of all the

studies the modulus of elasticity of concrete is expressed by the interval [al ,a3] ,
then its « -level is equal to zero, and « -level of the determined number is equal
to one, because the determined number is the interval the ends of which are equal
to it. The undetermined number is unimodal. If the condition u,(x)=1 is true
only for one value, this singular number is called a mode. It is obvious that the
mode of the triangular number is a,. Let all the parameters of the problem be

unimodal undetermined numbers. We will operate with the undetermined
parameters based on the interval method. The undetermined triangular number A
is completely defined by three determined numbers. Therefore it is expressed by

A=(a,,a,,a,), and its o -level interval is written as A, =[al(“),a3(“)] It's

obvious that @, =a'”, a,=a'",a,=4a" =a,". Taking into account the
expression (3.1), the ends of the interval 4, can be written as functions « :

A4, =[(a2 —al)-a+al,—(a3—az)-a+a3].
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4. OPERATIONS ON UNDETERMINED NUMBERS BASED ON THE
INTERVAL METHOD
Let 4 and B be two undetermined, not necessarily triangular, but unimodal

numbers  with the «-level intervals and 4, =[¢“,a/"] and
B, = [bf‘”,b;‘”} , Yae(0,1] . The operations on the o -level intervals of
undetermined numbers A4 and B are performed according to the following rules
A, +B, = [al(a)’a3(a):|+ [bl(a)’b3(a):| — [al(a) +b](a)’a3(a) +b3(a):| ,
A, -B, = [al(a)’%(a)} _[bl(a)’b3(a):| — [al(a) _bl(a)’a3(a) _b3(a):| ,
A4, -B, = [al(a)’%(a)}_[bl(a)’b3(a):| —
min{al(") ,bl<a>’al<a> 'bS("),aS(“) -bf“’,af“’ 'b3(“’},
max{al(") 'bl(a)’al(a) 'b3(“),a3(“) -bl(“’,a3(“) -b3(“’}

The multiplication of the « -level interval of the undetermined number by a
determined number £ is defined by the following rule

ked, =k-[a,a,” ] =] min{k-a k-b”}, max {k-a k-5 }].

The inverse « -level interval of the undetermined number is the
undetermined number

_ 1 -1 1 1 1 1
A)'=—= a,a”| = min{—,——} max{—,——"}|.
( a) 4, [‘ 3 J a@ a3<a> a' a3(“)

There is no need in division operation, because it can be reduced to
multiplication by the inverse number.
Let us define the membership function of the amplitude of oscillations. First, let
us calculate the o -level of undetermined parameters 7,S,E,l,m, F, o :

L =[50, =[s.8]. E, =[E“.E“]. 1, =[1\”.],
m, = [ml(a)’mS(a)J = |:fl(a)’f3(a):| , 0, = [wl(a)’G)}(a)J .
Here the endpoints of the intervals are defined by the formulas:
1=, ~1)-a+1, I\) =—(I,-L)-a+1,; I, =0.281, I, =0.285,

1,=0.29,
S =(8,-8)-a+S,, S =—,-S,)-a+S,; S, =0.691, S, =0.704,
S, =0.718,
E“) =(E,—E)-a+E,, E) =—(E,~E,)-a+E,; E, =25-10°, E, = 26-10°,
E, =27-10°,

1 =, —1)-a+1, 1 =—(l,~L)-a+1,; [, =32.99, [, =33, [, =33.01,
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m = (m,—m)-a+m, m =—(m, —m,)-a+my; m =1724, m, = 1756,
my = 1791,
K== f)atfis A7 =~(fi=fi)-a+ fis =499, f,=50, f,=50.1,
o =(0,-0) a+o, 0! =—(0,-0,) a+o,; 0, =177, 0, =17.8,
w, =179,

Here and below, the moment of inertia is expressed by m*, the cross-
sectional area is expressed by m*, the modulus of elasticity is expressed by Pa,
the length is expressed by m, the linear mass of the beam is expressed by
kg/m, the amplitude of the perturbing force is expressed by N, and the
frequency of the perturbation is expressed by Hz.

We calculate the membership functions of the parameters (1.5) of the
Duffing’s equation. From the first and second equalities of the expression (3.1),
according to the above mentioned rules of operations on undetermined numbers,
we calculate the endpoints of the intervals

a,=[a.a" ] and p, =[ B\ p"]:

4 p(o) | p) (@) | () (@)  gl@
@ BT 2@ = r B ﬂ(“) _ al =S
LT (@) g4 > 3T (a) aNd PP T T e
ms '(13 ) (l ) [
(o) (o)
B @ _% -85
3 4.[1(0;)

Let us calculate the o -level of the undetermined number ¢, guided by the
equality (2.15) by transforming the latter to the following form
ca = Ra Wa s
where the following is denoted

femt (w_q ok F

Ra — [Rl(a),R3(a)] , Wa — [VVl(a) W(tl)

The endpoints of intervals are defined by the formulas.
()2 ()2
RO = [ ) g o[ )
a, q

o
@__ 4 e _
W, >, W,
3 IB(a) (a) 3 IB(a) (a)

According to the rule of the trlangular numbers multlpllcatlon, we get thea -
level interval of the parameter ¢ :

= —| A (o)
ca—Ra-W;[—[c1 .G },
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where the endpoints of the interval are defined by the formulas:

cl(a) — min{Rl(a) 'VVl(a),Rl(a) 'VV3(a),R3(a) 'm(a),R3(a) _VVS(Q)} ,

C;a) — max{Rl(a) 'VVl(a),Rl(a) _VV3(0¢)’R3(0¢) 'm(a),R3(a) _VVS(Q)} .
After the calculation we have a non-triangular unimodal number

V' =-43423, ¢V =-201.437, {” =-8.758..

Let the initial conditions be such that the beam carries out large oscillations.
5. CALCULATION OF UNDETERMINED AMPLITUDE OF
OSCILLATIONS

The diagram of the function d (Fig.6) decreases monotonely which
simplifies the calculation of the undetermined o« -level number intervals

d, = [df”,d;”} . The endpoints of the interval are defined by the equalities:
dl(tl) — d(C3(a)), d}(a) — d(cl(a)) .
Taking into account the equality (22), we calculate the endpoints of the « -
level intervals of the undetermined amplitude 4,, = [Al(“), A, J :
2 F(tl) 1/3 2 F(tl) /3
2 ey B i =2 ) E
1

The membership function for the oscillation amplitude is convex but not
triangular. The diagram of the undetermined amplitude membership function is
shown in Fig. 8 which is calculated by the given undetermined parameters of the
problem. The carrier of the undetermined amplitude of the nonlinear oscillations
of the beam is the following interval

[ 49, 47] =[2.559:10"m; 1.401-10"m].

The mode of undetermined amplitude 4, is 5.797-10°m . The average

value of the undetermined amplitude is calculated by the formula
A4, = II—A‘ @)+ 4(a) da
0 2
and is equal to 5.797-10” m . In some cases, the middle of the interval for the
a = 0.5 level membership function can be taken as the expected value of the
undetermined number. We have
4 = 4,(0.5)+ 4,(0.5)
sr 2

Let us determine the largest amplitude of oscillations at which the yield of
high-strength wire begins. We find the largest amplitude of oscillations provided
that the deflection of the beam from the moment of the compression force of
concrete by high-strength reinforcement, stretched up to the yield strength, is
equal to the sum of the largest value of the oscillations amplitude and the
deflection of the beam from its own weight. The largest compression-caused
deflection of the beam y,, in the middle of the span is determined by the equality

=7.744-10" m.
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1 :Ptek'(yo_yu)'lz
Veek 8. E-1 .
08 Here P, is the total
stress from the stretched
a 09 bunches at which the high-
e strength reinforcement
2 o yield begins.

' According to  the
laboratory tests, the yield
02 strength force for a single
5 mm wire is 32,340 N, so
0 we have
0 310" 6107 010" 1241075077 P, =7.762-10°N. Taking
rAl(o) ,rA3(a) into account the equality
Fig. 8. Diagram of the undetermined amplitude of the Vo=, =0.792m, we

oscillation function

obtain the largest
deflection of the beam which is equal to y,, =0.111 m. The deflection from the
own weight of the beam in the middle of the span is 0.035 m. Therefore the
acceptable value of the oscillations amplitude is 0.076 m. Table 1 shows the
values of the endpoints of the intervals of the large oscillations amplitude 4'”,

A, and the modal value 4", expressed in meters, as well as the values of the

endpoints of the oscillation frequency intervals ", o!”

(1

, and the modal value

o expressed in hertz, respectively.
Table 1
Values of the endpoints of the intervals of the large oscillations
amplitude 4", 4" , and the modal value 4"

o " »” A© A A
9.9 10 10.1 5.594-10° 6.998-10° 8.778-10°
17.7 17.8 17.9 2.559-10°° 5.797-107° 1.401-10°°

17.75 18 18.2 2.637-107° 7633107 0.284

18.1 18.15 18.2 3.358-107° 1.0-10™* 0.284

19 19.1 19.2 1.232-10 0.337 0.631

19 19.5 20 1.232-10 0.458 0.816

26.84 26.85 26.86 1.259 1.527 1.844

6. CONCLUSIONS

Analysis of the results given in the table shows that even a small
indeterminacy in the frequency setting can cause the beam damage, although there
will not yet be any damage when setting the accurate frequency. Thus for the
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valuew!” =18.2, the corresponding value 4,” of the right endpoint of the

amplitude interval exceeds the maximum acceptable value of 0.076 m, although
the modal value of the amplitude does not exceed the acceptable value. Therefore,
when calculating the amplitude of structural oscillations, the interval endpoints of
the frequency variation should be taken into account, and not its modal value.
Analysis of the table shows that further increase in the oscillations frequency leads
to resonance, because it moves beyond the acceptable limits both the endpoints of
the interval of undetermined amplitude, and the modal value.
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Cmamms naoditiwna 21.02.2020

baes C.B., Boruok JI.J1

HEJIHIAHI KOJIMBAHHSA MONEPEIHBO HAMPYKEHOI 3AJII30BETOHHOI
MOCTOBOI BAJIKU ITPH TAPMOHIHOMY OBYPEHI B YMOBAX HEUITKHX
ITAPAMETPIB

AHoTauis. Y nmasiif poGOTi po3risigaloThCsl HEMiHIMHI KOJMBAHHS IOMEPEIHBO HAIPYKEHOT
3aJ1i300€TOHHOI 0aliKi, HEPyXOMO 3aKpilJieHOi Ha JBOX oropax. bajka 3HaXOIUTBCS IiJ €0
rapMOHiiiHOI cuin. Po3paxyHKM Takux OajlOK MOB'S3aHi 3 IJIOK0 HHU3KOK HEBU3HAYCHOCTEH Y
BUXIZHUX JAaHUX. [INTaHHSIM KOPEKTHOrO 1X BpaxyBaHHS MPHCBAUYETHCS JaHa TyOiKaLlis.

JloBruii yac B MexXaHilli, [ BpaxyBaHHS HEBH3HAYEHOCTEH, TOMIHY€ BHKOPHCTAHHS Teopii
fiMoBipHOCTEH B MojemoBaHHi. Llst Teopis JoBesna CBOK e(EKTHBHICTh y pO3B's3aHHI 0arathox
3a7a4, aje Mae i Jeski cimabki cTopoHH. 30Kpema, HEeJOCTaTHs CTaTHCTHYHA iHdopmaris abo
HEMOBHA iH(OpMalLis He M03BOJSIE aJeKBaTHO BiOOpakaTH peanbHUH 00'€KT IOCIIIKEHHS B
MareMaTH4Hii mMoneni. OcraHHIM YacoM 0arato JOCIiIHHKIB BiJ3HA4alOTh, 1[0 HEBU3HAUYCHICTH B
OyIiBHHLTBI HOCHTH HE TIIBKM CTOXaCTHYHHH Xapakrtep. lle mae momToBX Ui BIPOBADKCHHS
HOBHX METOZIB 1 Teopiif M'sikux obunciens. Cepen HUX HAWOUIBIILY MOMYISIPHICTD | ehEKTHBHICTE B
JAHUH Yac MAIOTh TEOpii HEUITKUX I HETOYHHX MHOXHH, HOCTOBIPHICTb SIKMX yX€ JOBEICHA MpH
BUPIIICHHI 33424 yIPaBIiHHA 1 T.1.

Jlist po3risiHyTOl Oalki BH3HAYeHA aMILIiTyJAa ii KOJMBAaHb 3a YMOBH, IO ii MapaMeTpu €
HEYITKUMH 1 3MIHIOIOTBCS B IIEBHUX MeXax. PO3rIsiHyTO npHKiag BU3HAYCHHS aMILIITYI1d KOJIMBAaHb
HONEPEAHBO HAIMPYKEHOI OallKk JOBXHHOK 33 M, 3anpoektoBanoi Coro3moprpoekt. [1o6ynoBana
(YHKIIST HAJEKHOCTI aMIUIITyAN MONEPEYHUX KONMBAHb OAJIKM 3 BUKOPHUCTAHHSIM TEOPil HEUITKHX
MHOXMH. BHKOHaHO aHai3 BIUIMBY HEYITKOCTI 3aBAaHHS YacTOTH OOYpEHHs Ha aMILLTYLy
KOJIMBaHb. BusBIEHO, IO HAaBiTh Maja HEYITKICTh B 3aBJaHHI YacTOTH MOXE BHKIIMKATH
pyiiHyBaHHs OajKu, XO4 NpH YITKOMY 3aBIaHHI 4YacTOTH pyHHyBaHHs e He Oyae. Taxk i

(0)

3HaueHHs @ =18.2 BianoOBinHE 3HAUEHHS A3m) [PABOro KiHI iHTEPBAIy aMILIITY/H [1EPEBUILYE

rpaHuyHe jgornycrume 3HaueHHs 0.076 M, xoda MoOjajbHE 3HAYCHHS AMIUNTYAH HE IEPEBHUILYE
nomycTuMe 3HadeHHs. OTxe, MpH OOYHMCIICHHI aMIUITYAM KOJMBaHb KOHCTPYKLIH B pO3paxyHOK
cinin OpaTd KiHLI iHTepBaldy 3MIiHM 4acTOTH, a HE 1l MOJaJbHE 3HAYCHHS. AHaII3 IOKa3ye, IIO
Hojajble 301IbIICHHS. YaCTOTH KOJIMBAaHb BEAC JO PE30HAHCY, TOMY L0 BHBOAUTH 33 NOMYCTUMI
MexXi 1 KIHI iHTepBally HEUiTKOI aMILTITYH, 1 MOJAJIbHE 3HAUCHHS.

Kiaro4oBi cjioBa: nornepeqHb0o HaNpyKeHa 3aii300eToHHa 0ajika, Teopis HEYiTKUX MHOXHH,
(YHKLSI IPUHATISKHOCTI, YacToTa 30ypeHb, aMILTITyJa KOJIHUBAHb.
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baes C.B., Boruox JI.J1

HEJIMHENHBIE KOJIEBAHMSI IIPEABAPUTEJBHO HANIPSI)KEHHOM
JKEJE30BETOHHOI MOCTOBOW BAJIKU ITPU TAPMOHUYECKOM
BO3MYIEHUU B YCJIOBUSIX HEUETKOCTH NIAPAMETPOB

AHHoTanus. B naHHOW paboTe paccMaTpuBarOTCs HEIMHEHHbIE KOJEOaHUS NPEIBApUTEIBLHO
HANpPSDKCHHOM )kee300eTOHHOW 0alikk, HEMOJBIMI)KHO 3aKpEIUIEHHOH Ha JBYX omopaX. banka
HAXOJMUTCS TMOJ JACHCTBHEM TapMOHHYECKOW CHIIbl. Pacy€rbl Takux OalioOK CONPSDKEHBI C LIEJIbIM
PAIOM HeonpeenEHHOCTeH B UCXOJHBIX JaHHBIX. Borpocam KOPpEKTHOro uX yuéra MOCBSILACTCS
JIaHHas MyOJIMKaLKs.

Jlonroe BpeMsi B MEXaHMKeE, I Yuéra HEONpPEeAeNEHHOCTEH, AOMHHHMPYET HCIIOJIb30BaHUE B
MOJICIHPOBAHHN TEOpHU BeposiTHOcTH. OHa nokas3ana CBOKO I()(EKTHBHOCTh B PELICHUH MHOIHX
3aja4, HO HMEET M HEKOTOpble Ciadble CTOPOHBL. B YacTHOCTH, HEJOCTATOK CTaTHCTHYECKON
MHGOPMALIMY WM HEIoJHask HH(POPMALMs HE MO3BOJISIET aIeKBATHO OTOOpPaXKaTh PeasbHBIN OOBEKT
UCCIIEIOBAHUS B MAaTeMaTHYECKOH Mojenu. B mocienHee BpeMss MHOTHME MCCIEOBATENM OTMEYAIOT,
YTO HEONpPE/eNEHHOCTh B CTPOUTENBCTBE HOCUTh HE TOJILKO CTOXAaCTHMYECKUI Xapakrtep, U 3TO Haér
TOJYOK IJI1 BHCAPCHHUS HOBBIX Pa3BUBAKOIIUXCSI METOAOB U Teopuﬁ MATKUX Bbl‘{l/lCﬂCHl/lﬁ. Cpe;u/l HHUX
HauOOJIbIIYIO TOMYJISIPHOCTh U 3(PEKTUBHOCT B HACTOSIIECE BPEeMs MMEIOT TEOPUH HEUETKHX MU
HETOYHBIX MHOXKECTB, TOCTOBEPHOCTH KOTOPBIX YK€ JOKa3aHa IIpyu PCIICHUU 3a/1a4 YIIPABJICHUA U T.1.

Jlins paccMOTpeHHOW Oasiky ompejelieHa aMIUIMTyJa ee¢ KojieOaHWH HpHU YCIOBHH, 4YTO €€
mapamMeTpnl SABJIAKOTCA HCYCTKHUMH W HU3MEHAKTCA B HM3BECTHBIX INpEaciaax. PaCCMOTpCH npumMep
OIpeeNIeHHs] aMIUTUTY/Ibl KOJICOAHUH npeHanpsHKEHHON Oaliku JUTMHOM 33 M, 3aIpOSKTHPOBAHHON
Corozoprpoektom. ITocrpoeHa (GYHKUUS MPUHAIJICKHOCTH aMIUIMTY/IbI MONEPEUHbIX KOJICOAHHI
6aJ'lKl/l C HUCIOJIb30BAHUEM TECOPHUHU HEYETKMX MHOMKECTB. Bbll'lOJ'IHeH aHaAJIN3 BJIMSHUSA HEUETKOCTHU
3alaHrs 9aCTOThI BO3BMYIICHUA HA aMIUIUTyay KOHGGaHMﬁ. BblﬂBJ’leHO, 4TO JaX€ MaJiasgd HEYECTKOCTh
B 3alaHUM YaCTOTbl MOXXET BBI3BATh pPa3pylICHUC 6aJ'IKl/l, XOTh IPA YETKOM 3aJaHHUH 4YacCTOTBbI
paspymwenns ewé He 6yzer. Tak ans sHauenns o!” =18.2 cootserctBylomee 3Hauenue A,°
IPaBOro KOHLA MHTEpBaja aMIUIMTYIbl IPEBBIMIAET MpeneibHoe ponyctumoe 3HadeHue 0.076 wm,
XOTsl MOJAJIbHOE 3HAU€HUE aMIUIUTYJbl HE IMPEBOCXOAUT AONMycTUMOE 3HaueHue. CliejoBaTeNbHO,
IPH BBIYUCICHUN aMIUIMTY bl KOJIeOaHUH KOHCTPYKLHMI B pacyeT cienyer OpaTh KOHLbI MHTEpBaa
U3MEHEHUsI 4acTOThl, a HE €€ MOJaJbHOe 3HaueHHe. AHAlIM3 II0Ka3blBaeT, YTO JalibHeilee
YBECJIMYCHUE YaCTOTHI KOJ'ICﬁaHl/lﬁ BEACT K PE30HAHCY, IIOTOMY 4YTO BBIBOAUT 3a IOIYCTHUMBIC
npeacibl U KOHLBI HHTEPBaJia He‘leTKOﬁ AMIUTATYAbI, © MOJAJIbHOC 3HAYCHUE.

KiroueBble cjl0Ba: NpeBapUTEIIbHO HAIPSHKEHHAS Kene300eToHHas Oalika, Teopus He4ETKUX
MHOXECTB, (DYHKLHUS IPUHAISKHOCTH, 4aCTOTa BO3MYIICHHI, aMILIUTY/1a KoleOaHHuH.
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Introduction. The complexity of modern technical systems and the increase
of man-made risks arising from environmental pollution requires not only the
increased reliability of such systems, which can be achieved, in particular, by
the use of advanced monitoring and diagnostics, but also by the availability of
effective means to predict probable accidents that can occur in the operation of
these systems as well as the availability of timely and optimal measures of
response to the emergencies. The purpose of establishing the permanent system
to monitor the faults occurrence lies in reducing the possibility of sudden
unexpected events, undermining the economy of the industrial enterprise,
dangerous production stops, damage to equipment and accidents to personnel, as

© Getun G., Butsenko Y., Labzhinsky V., Balina O., Bezklubenko I., Solomin A.
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well as to facilitate technical maintenance of equipment. Critical levels of
environmental pollution should also be minimized. Although the pursuit of
greater reliability and less cost may seem incompatible at first, a closer
examination of this issue shows that this is not the case [1].

In Ukraine, a national methodology has been approved to predict the effects of
chemical pollution on the environment [2]. In addition, in the areas where
environmentally hazardous enterprises are located, specific engineering within
nature complex systems are formed, which are characterized by certain trends of
environmental changes, which sometimes lead to negative ecological and economic
consequences. The material costs of restoring the natural equilibrium within such
territories are usually extremely high. Therefore, the problem of creating adequate
modeling techniques and forecasting the functioning of industrial enterprises to
prevent accidents on them is a matter of first and foremost importance.

The review of existing approaches to forecasting the man-made
(anthropogenic) risks. Predicting the state (condition) of the environment under
the influence of dangerous man-made objects is becoming increasingly
important when solving environmental problems associated with finding
optimal forms of environmental safety management [3]. The most characteristic
of the following tasks are the following:

* environmental monitoring;

* nature exploitation rationing;

* industrial sites environmental impact assessment.

One of the traditional approaches to predicting anthropogenic impact on the
environment is the use of mathematical models that describe the processes and
phenomena, which characteristic for the studied natural object [4]. The following
methods are most often used in predicting the state of the environment:

* dynamic systems;

* time series (regressions);

» Markov models.

In mathematical modeling, let a natural object (water object, soil, stand,
atmospheric air, etc.) be considered as a dynamic system containing n
components. In this case, the mathematical model of a natural object usually
takes the form of a system of differential equations [5].

ay;[dt=g;(Y,...Y,, V1ses Vo),
where Y =(Y,...,Y,) is the vector that characterizes the state of the natural
object; V =(V,...,V,,) - vector of external factors that affect the state of a natural
object; ¢ - time. The solution of the differential equation system is the functional
dependencies Y; = Y;(¢) that allows predicting the state of a natural object.

In the absence of an adequate deterministic dynamic model, statistical
forecasting methods are used. Among the statistical methods, the most common
method for solving the environmental forecasting problem is regression analysis [6].

Suppose that an observation y; is the sum of a regular deterministic

component and random interferences:
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Y = fi(x, ) +€;, (D
where i =1..N is the observation number; x; = (x;,X;5,...,X;; ) vector of input

factors; f;- regression function; oo - unknown, generally multidimensional

parameter, o€l ™, m< N ; g, — interferences (random variables) that have zero

mathematical expectation, finite variance, and do not correlate with one another.

Equation (1) is called the nonlinear regression model. The task is to evaluate an

unknown parameter o.. As a method of estimation, the least squares method

(LSM) is usually wused, which leads to the optimization task
N

Z( vi—f; ()cl-,OL))2 — min . In this case, the value o that is the solution to this
i=1

task is called an estimate under LSM.

The selected model is compared with the original data to check how
accurately it describes the time series. A model is considered acceptable if the
residuals are small and have a normal distribution.

Another statistical approach for modeling the behavior of these systems is
based on stochastic modeling. Stochastic modeling does not use rigorous ratios,
but expert and empirical evaluations and a universal mathematical apparatus.
Stochastic modeling based on Markov finite-chain theory [7] has been
successfully applied in various industries [8].

Suppose that the evolution of an ecosystem is described by the Markov
chain. The transitions of the system from one state to another mean the moving
a point that depicts the current state of the system from one set of phase space to
another, and the corresponding system of phase space sets 4;, j =1..m is built

on the basis of environmental standards. The transition probabilities matrix

By =P{&k 1 €4;/8 eAi}, constructed on statistical information, where &; is

the vector of system state on the time ¢, , &;,; is the same vector at time #,, .
Such a description allows you to solve at least three of the following tasks:

1. To determine system transition probabilities f}](-”) from the state 4; to the

state 4; in n steps.

2. To find the vector of probabilities pm (B) of the system being in all possible

states of the set B in n steps, if the state of the system is known at the initial
moment.
3. For the specific states of the system, to determine the probabilities of getting
into them in no more than n steps and stationary probabilities, which allow to
determine the measure (portion) of time that the system is in these states.

The main disadvantage of existing forecasting methods is the inability to
estimate the average residence time of a system in one or another set of states
and the lack of attention to economic effect of its evolution.
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Formulation of the task to model the behavior of engineering-within-nature
complex systems. The models based on Markov finite chains have the following
characteristics:

« simplicity of the content;

* actual environmental standards and regulations are naturally taken into
account, since the phase space is built on the basis of current environmental
legislation;

* the possibility of reducing the set of estimated parameters to the elements
of the transition matrix.

It should also be noted that the use of such an interpretation of the system
evolutions eliminates the need to determine the distributions of random
variables and processes that determine the state of the system.

The practical application of such models, due to the existing advanced
theory of Markov chains allows us to use the following criteria of optimality:

* to minimize the probabilities of system states, which are extraordinary
situations, in the steady state distribution of the respective chain;

* to maximize the average time of reaching the respective state;

* to minimize the damage caused by the system being in “ecologically
disadvantaged” states;

* to maximize the economic impact of the system's operation, taking into
account both profits from industrial sites, positive social shifts as well as losses
related to environmental damages.

The purpose of this work is to develop a methodology for predicting the
occurrence of ecological threats, to study the distribution of time spent by the
engineering-within-nature complex system in safe and in unfavorable (unsafe)
states, ecological and economic analysis of the consequences of its evolution.

Methods of forecasting and optimizing the economic effect on a discrete set
of strategies. Let the system is responsible to control the territories, which
represent an amalgamation of zones (regions) that will in future be considered as
non-intersecting. The ecosystem phase space € is a direct product of €,

where €; is the set of all possible ordered sets of concentrations of harmful

substances in the air and water environments of the /-th region of controlled
area. The model of each of these zones is a corresponding Markov chain [9].
The natural modification (version) of the Markov property for the situation
under consideration is the following:

1 1 i1 r ir
P(T;e 4 /T, edAV,..T, e A™)=P(T; € 4, /T}]) edD, T e 4y
that is, the probability of finding the j-th zone in the k-th state 4; is

determined by the states A9 U,...,A(jr) , in which the adjacent zones T ;P,...,T},r )

locate. Accordingly, statistical studies of the transition probabilities [10] for
each zone should include a study of their dependencies on the "configuration" of
the environmental situation in the adjacent zones. Note that in some cases there
is even a deterministic dependence between the states of adjacent zones with a
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certain time lag. This is the case, for example, for the condition of air basins in
the case of steady air currents, for water basins of zones settled sequentially
downstream. Thus, the happening of an emergency even in one region (or vice
versa, the normalization of the ecological situation in it) requires a consistent
recalculation of transition probability matrices for the entire controlled area. It
should be noted that such calculations often lead to controversial results (we
obtain different transition matrices for the same region). To eliminate these
contradictions, it is suggested that:

* to create, on the basis of statistical studies, a bank of scenarios that may
occur in each zone;

* calculate time lags for interregional effects for each scenario;

* operational management shall be carried out by using standard scenarios
with simultaneous control of their adequacy to the real situation.

It should be noted, that the forms of interdependence between transition
matrices for adjacent zones can be calculated in two ways:

« based on available statistics;

* on the basis of a correspondence model [11], based on the available
information about air currents, dynamics of water reservoirs, etc.

This requires:

* the previous choice of the most likely way of forming such a dependency
related to the accumulated information;

« statistical control of incoming information in terms of selecting the most
likely hypothesis according to its available dynamics.

The first question to be solved when using this model is the question of
discreteness or continuity of time (in the evolution of a chain). The choice of
Markov chains with discrete time is explained by not only available practical
experience of using them [9], but also to the objectively available periodicity of
information inflow into the control system from its primary links.

For discrete-time chains, the problem of homogeneity arises. Homogeneous
chains are much easier to investigate, but applying them requires a solid
statistical justification, which is not always possible. At the same time, it is
natural to use several homogeneous models adapted to the operating modes of
the enterprises and the seasons. Thus, one task of considering inhomogeneous
chains can be replaced by several tasks of analyzing the corresponding
homogeneous chains and developing an algorithm of transition from one of
them to another depending on the current state.

The next question is the choice of the phase space structure (set of states) of
the chain (Fig. 1). Its solution is based on a legislative base (framework) that
determines the levels of environmental pollution and the need to consider such
levels for each of the regions that form the controlled system. At the same time,
phase space, constructed as a direct product of "local" phase spaces, which in
turn duplicate the levels of pollution in the respective zones, is, on the one hand,
too cumbersome (in the presence of m regulated levels of pollution and n

zones it contains m” states) and, at the same time, is not always adequate from
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the point of view of the system description, since it does not contain clearly
identified states of "threatening". From this point of view, it is advisable to
isolate "transient" states in some zones, which would mean the approaching to
the critical levels of pollution, or vice versa - the tendency to decrease them. At
the same time, based on economic (potential loss) and other considerations, the

primary phase space containing (m")" (m" - the number of levels of

contamination, taking into account the abovementioned additional) phase space
should be enlarged (i.e. to combine several states into one).

Defining Cresting & fommal Defining supplementary E xpanzion of
subdomains *|=pace of states w1 HAates to describe | phase space
imteractions of subdom ains

Fig. 1. Building a graph of the system states

After the final formation of the phase space (which may be different under
the solving the problems of economic, ecological, political, social, technological
and other directions) and determine the corresponding transition matrix, one can
classify its states (Fig. 2).

Classification .
of states by level
- — / of economic effed
Seledting Highlighting |dertifying priority fates
critical == threatening and potentially dangerous

Rates Sates Classification transitions
of fates by the level

of neceszary means
to eliminate em ergency|

Fig. 2. Defining the basic characteristics of the system states

The opportunity of decomposing the phase space into classes of
achievability, that is constructing the states graph of the chain (Fig. 3), requires
in-depth analysis. By providing a high probability of defining the "starting" state
of the system, it is possible to limit yourself to a chain that is non-
decomposable.

Formal (mathematical) distribution of absorbing states of the system should
be consistent with their character as states of ecological catastrophe resulting
from the limited resources of natural environmental purification. For such states,
they determine the average time to achieve them and the probability of
achieving them no earlier than a fixed time. If in this case for a random time T

of achieving of one of such states we have M[t]<7,, or for the probability p*
of getting to such a state not earlier than a certain time, an inequality p* < p, is

true, where 1, p, pre-set values, the system is considered as highly-insecure
and needs structural changes (Fig. 4).
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Fig. 3. Finding the transient probabilities of the Markov chain for non-critical states
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Fig. 4. Pattern cycle of checking the model adequacy and system quality

For each of the other states of the chain, along with its probabilistic
characteristics, environmental and economic parameters are also considered:
achievable economic effect, permissibility of the corresponding environmental
pollution, possibility of exploitation of natural resources and technological
objects. This allows not only to set the "rating" of the states of the system from
the most desirable to the extremely undesirable, but also to set optimization
tasks for it, based on the possibilities of choosing the initial state and
influencing the matrix of transient probabilities [10]. Given the real
characteristics of the system under consideration, it is proposed to use Markov
periodic chains to model its behavior [12], which gives an additional
opportunity to characterize and detect emergencies as a "deviation from
periodicity” in the behavior of the system.
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Another feature of the proposed methodology is the optimization of a
discrete set of strategies based on a set of scenarios, which allows to avoid
purely mathematical problems in solving extreme (and in some cases
variational) tasks due to the really existing system of industrial installations
(machinery) operating modes.

The paper proposes a methodology that allows to combine economic
estimates with the ability to predict the situation and optimize decision making
to improve the environmental situation in areas potentially exposed to chemical
pollution.

The stages of implementation of the methodology are as follows:

1. By using available transition matrices for the chains that describe the
environmental situation in the zones, they identify such modes of operation of
technological systems that, during a predetermined period (no more than N

transitions), can lead to situations that are classified as extremely dangerous, in
at least one of the regions.

2. For situations that are considered unfavorable, a mode of operation is selected in
which the weighted sum of the probabilities of their achieving (attaining) is
minimized by no more than M transitions or stationary probabilities of these states
for a particular chain. The coefficients in such a weighted sum shall be chosen on the
basis of the need to ensure that the expected average level of contamination for each
of its components is properly restrained:

11”1 +...+OL11 i SS]

Oy P+t 0y pp <8y
3. After performing the previous steps for each of the zones, the optimization is
performed, according to the criterion of the maximum distance of the system
from the dangerous level of contamination, i.e. choosing such mode of its
operation, under which

T=ET(f,....[,) > max,

where T(f|,...,f,) is the time for the value 4,-f +..+4,f, to reach the
critical level F', f{,..., f, —the characteristics of the industrial pollution of the
zones, Ai,...,4, —the weighting coefficients.

4. If the previous task is solved, but there are a number of strategies, when
applied, haven’t provided the results almost indistinguishable from the optimal
one, then for these strategies they shall calculate: a) the average amount of harm
from the system being in environmentally hazardous states; b) the average
economic effect of the system operation, taking into account both profits from
the operation of industry, positive socio-economic shifts, as well as the losses
described above. It is clear that comparing the outcome of choosing one of the
strategies, in this case, is necessary for decision making at the government level.

The control of the system can be carried out both by changing the phase
space (revision of norms and levels of pollution) and by changing the matrix of
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transient probabilities, both of which can be combined in series. It should be
noted that changing the transition probability matrix can require significant
investment (e.g., improved reliability of industrial installations, reduced
emissions levels, etc.), which should be taken into account when making
appropriate management decisions.

Conclusions. The article proposes a technique for forecasting emergencies
that may occur when a nature & engineering complex system operates. The use
of the methodology presented above will allow to increase the efficiency of
functioning of enterprises, generate the balanced informed management
decisions and to create software and technologies to respond the emergencies.
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Getun G., Butsenko Y., Labzhinsky V., Balina O., Bezklubenko I., Solomin A.
SITUATION FORECASTING AND DECISION-MAKING OPTIMIZATION BASED ON
USING MARKOYV FINITE CHAINS FOR AREAS WITH INDUSTRIAL POLLUTIONS

The paper considers the issues of predicting the situations and optimizing decision-making to
improve the environmental situations in the areas with industrial pollution based on the finite
Markov’s chains.

The article systematizes the existing approaches to forecasting technological risks. The
problems associated with the search for optimal forms of environmental safety management and
approaches for predicting anthropogenic impact on the environment using mathematical models are
considered. To predict the state of the environment, stochastic modeling is proposed, the basis of
which is the theory of finite Markov chains. A technique for predicting and optimizing the economic
effect on a discrete set of strategies has been developed. The figures show: building system states
graph, determining the basic characteristics of system states, finding transition probabilities of
Markov chains for non-critical states, a typical cycle of checking the model’s adequacy and system
quality.

Based on the analysis of existing approaches to forecasting technological risks, a methodology
has been developed for forecasting and optimizing the economic effect on a discrete set of strategies.
The proposed methodology allows combining economic estimates with the ability to predict the
situations and optimize decision-making to improve the environmental situation in the areas of
possible chemical pollution.

Using the developed methodology will increase the efficiency of the industrial enterprises,
facilitate generating informed management decisions, create software and hardware ways to respond
the emergencies.

The methodology for modeling engineering within nature complex systems and the optimization
of decision-making based on finite Markov chains in the areas with industrial pollution will be
helpful to researchers and operators of complex technical systems in predicting emergencies using
environmental monitoring systems.

Keywords: complex technical systems, engineering-within-nature complex systems, nature &
engineering complex systems, environmental monitoring, emergency forecasting, statistical
research, decision support.
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Hayk.-texH. 30ipHuk. - K.: KHYBA, 2020. — Bun. 104. - C. 164-174.

Y emammi npononyemocs memo0ono2is MoOen08anHs: KOMNIEKCHUX cucmem iHdicenepii (0aii,
«cucmemuy), saka Oyoe KOpUCcHow 0l OOCHIOHUKIE MA ONepamopie CKIAOHUX MEXHIYHUX CUCMeM
npu NPOSHO3YBAHHI HAO3EUYATIHUX CUMYAYIl 3a OONOMO2010 CUCTEM MOHIMOPUHZY HABKOAUUHBO20
cepedosuwya.

Getun G., Butsenko Y., Labzhinsky V., Balina O., Bezklubenko 1., Solomin A. Situation forecasting
and decision-making optimization based on using markov finite chains for areas with
industrial pollutions // Strength of Materials and Theory of Structures: Scientific-and-technical
collected articles. — K.: KNUBA, 2020. — Issue 104. — P. 164-174.

The paper proposes a methodology for modeling engineering-within-nature complex systems
(further, “systems”), which will be helpful for researchers and operators of complex technical
systems in predicting the emergencies using environmental monitoring systems.
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MATHEMATICAL MODEL OF THE DYNAMICS CHANGE
DEPARTURE OF THE JIB SYSTEM MANIPULATOR WITH THE
SIMULTANEOUS MOVEMENT OF ITS LINKS
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'National University of Life and Environmental Sciences of Ukraine
*Taras Shevchenko National University of Kyiv
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An equation of motion of the manipulator is obtained taking into account the influence of the
inertial component of each link of the boom system and the effect of the oscillatory movement of the
cargo on the dynamic loads of the metalware elements and hydraulic drive elements. The influence
of the simultaneous movement of the first jib section, the second jib section and the telescopic jib
section on cargo oscillation, as well as the effect of cargo oscillation on dynamic loads that occur in
the boom system and manipulator hydraulic drive elements, is determined.

Keywords: mathematical model, varying the radius, combination of movements, manipulator,
Lagrange equations of the second kind, dynamic loads, load oscillations.

Introduction

During the process of unloading and loading operations in the elements of
the boom system and the elements of the drive of the manipulator considerable
dynamic loads occur. These loads are the result of the oscillatory movement of
the load and the uneven rotation of the boom system with the uniform
movement of the rods of the hydraulic cylinders [1-2]. Dynamic loads depend
on the kinematic parameters of the manipulator and the nature of the speed of
movement of the links of the boom system with the cargo. According to the
normative-technical documentation, which regulates the operation of
manipulators, it is allowed to combine operations of simultaneous movement of
several links of the boom system. Combining the operations of the simultaneous
movement of the links of the boom system can significantly reduce the dynamic
loads and accordingly increase the performance, reliability of the elements of
the boom system and the hydraulic equipment of the manipulator. To determine
the actual dynamic loads in the elements of the design of the manipulator when
combined movements of the links of the boom system, it is necessary to have
adequate mathematical models [3-8].

© Loveikin V.S., Romasevich Yu.O., Spodoba 0.0., Loveykin A.V., Pochka K.I.
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Analysis of publications

Known [3-11] methods for constructing a mathematical model of the
manipulator. In these works, the boom system of the manipulator is presented as
a holonomic mechanical system in which the centres of gravity of the links of
the metal structure coincides with their geometrical parameters. The
mathematical model of the manipulator is considered, the relation between the

kinematic dependences of the drive link of the manipulator and the load. The
influence of dynamic loads on the elements of metalwork of the boom system of
the manipulator is analyzed. In the papers [12-15], an analysis of the solution of
optimization problems for reducing load oscillations is considered. The analysis
of the influence of dynamic loads on the elements of the boom system and the
hydraulic drive is considered in the papers [16-19]. With a large amount of
consideration of the problem of dynamic analysis of the combination of
simultaneous movement of the links of the boom system, the solution of this
problem for manipulators with hydraulic drive is not considered taking into
account the load fluctuations at the end of the boom system.

Purpose and research task statement

The purpose of this work is to build a mathematical model of the dynamics
of change of departure of the boom system of the manipulator when combining
operations of simultaneous movement of the first jib section, movement of the
second jib section and movement of the telescopic jib section with cargo
oscillation at the end of the boom system.

Research results

When investigating the dynamics of change of departure of the boom system
of the manipulator with simultaneous movement of the first jib section,
movement of the second jib section, moving the telescopic jib section and the
cargo oscillations, we accept the following assumptions:

- we believe that all links in the boom system are perfectly rigid except for
the cargo, which oscillates in the plane of change of departure;

- semi-dry friction in moving elements of eye joint and viscous friction of
fluid in pipelines is not taken into account;

- the compressibility of the working fluid in the elements of the hydraulic
drive is not taken into account.

Based on the above assumptions, the boom system of the manipulator in the
process of changing the departure of the cargo with the combination of the three
main movements and oscillates of the cargo is presented as a holonomic
mechanical system with four degrees of freedom. The angular and linear
coordinates of the moving of the first jib section, the second jib section and the
telescopic jib section are calculated from the x axis, and the angular coordinate
of the cargo deviation from the y axis, (Fig. 1). For the generalized coordinates
of the boom system we take the angular coordinates: rotate the first jib section,
rotate the second jib section, the linear coordinate of movement of the telescopic
jib section, and the vertical deviation of the cargo (Fig. 1).
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Fig. 1. Dynamic model of boom system of the manipulator

In Fig. 1 accepted the following designations: /; - length of the first jib
section; /, - length of the second jib section; /5 - the length of the suspension;
my,m,,my,m, - weight respectively of the first boom section, the second boom
section, the telescopic section and the cargo; 6,,0,,05,0,,05 - angles formed
by the geometrical parameters of the elements of the boom system and the
hydraulic cylinders of the manipulator; x,, x,,x5,x, - horizontal coordinates of
the centers of mass of the first jib section, the second jib section, the telescopic
jib section and the cargo; y,,¥,,¥s.», - vertical coordinates of the centers of
mass of the first jib section, the second jib section, the telescopic jib section and
the cargo.

Expressed of the coordinates of the centres of mass for the first jib section,

the second jib section, the telescopic jib section and the cargo in the generalized
coordinates:

/
X = écos (a);

(D

I
» =3181n (o);
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Xy =1 -cos (oc)+%-cos B);

, @)
¥y =4 -sin (@) +--sin (B);
x3 =1 -cos(a)+(ll+U3j-cos([3)+l3 -sin (v);
; G)
y3 =1 -sin (a)+(%+U3j-sin([3)—l3 -cos (V).
x4 =1 -cos(a)+(l, +Uz)-cos(B)+15 -sin(v); 4
ys =1 -sin(a) + (L, +Us)-sin (B) — L5 - cos (v).

To compile the equations of motion of the manipulator in the process of
changing the departure of the boom system with the cargo, while simultaneously
moving the first jib section, the second jib section, the telescopic jib section and
the cargo, we use the second-order Lagrange equations, which for the system
shown in Fig. 1, have the form:

dor o _, O,
dt 0o, oo ¢ oo’

doT ol _g o,

dtop B B’ A
dor _er o v @
dtoU, Uy 3 aUy’

doT_oT _, _ov

dtov ov ' ov’

where: ¢ - time; T,V - respectively, the kinetic and potential energy of the
boom system of the manipulator; QQ,QB,QL,},QV - non-conservative
components of the generalized forces of the system corresponding to the
generalized coordinates o,B,Us, V.

Then the kinetic energy of the boom system of the manipulator will take the
form:

1 -2, 1 . . 1 ; 1 -2, -
T:?J' 0 (%3 +y§)+5'Jz B s (X3 + P+
+%-J3-B2+%~m4~()&f+j}f), (5)
where: m,,m;,m,- the masses respectively of the second jib section, the

telescopic jib section and the cargo; J;,J,,J; - moments of inertia respectively

of the first jib section, the second jib section and the telescopic jib section
(Fig. 1).

The potential energy of the boom system of the manipulator in the process of
change of departure will be as follows:

V=(m]y] +m2y2+m3y3+m4y4)'g, (6)
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where g - free fall acceleration.

Take the derivatives of kinetic energy (5) that are included in the system of
equations (4):

. Oxy . O . Oxy . Oy . Ox4 . O
6—T=m2(x2—2+yzﬁj+m3 x3—3+y3£ +m4(x4—4+J’4 y4j
o oL o oL oa, oo,

} 0Ox3 ' .oy . O
ol oG )

a_szZ{)'Cz ax2 +y26y_zj+m3(x a 3 +y3 ay?a J+m4(5€4 aX4 +).)4 8y4 j’

00U, 00U, 00U, 00U, 0U; 0U, 00U,
2—C=m2(x2%+y2%j+m{fc3aa—;+y3 Zyjj+m4(x4%+y4%}
2—£=J1 a+m2(x266—a+y2 66)(3 j+m3 (X3%+)}3%j+m4 ()&4%+)}4%j;
oL (J2+J3)l3+m2[x2— 2 ayzj m{ﬁ%% )@ay j m4[x4a. : aﬁ}
Gl B "B p " op B "B

or iy i 6x2 3, vy oy 3 0x3 RS s oy s 6x4 O s 0Vy :
oU, 6U3 0U; 6U3 0U; 8U3 0U;

. O0xy, . Oy . Ox3 . 0 oxy . O
6_€=m2(x2—5+y2%j+m3(x3—3+y3 }Sj+m4(4 4+y y4j;

P P P ov P Eary
d aT . . GX2 . axZ ayz 6y2j
—=—=J-0tmy | X, —=4X, —+ Y, —=+ +
droc ! 2(26(1 20 P00 %0
Ox3 . Oxg oy . Oy ( Oxy Xy . Oyy 6)}4j
1| Xy =4 Xy — Pyt Py — [+, | Xy Xyt Py~ Yy — |
3(36a a0 0 a0 S M e e P e

Jr+J3)B+m,| x +Xy) —+ Yy 4 Py —= |+
d 5[3 ( 2 3)[3 2( 2 An 5[3 2 B Y2 V2

+ms| X3—= & aﬁ+j}3 8y3 8y3 my| Xy oy kX &y tiy Py ’ ).}48)}_4 ;
6[3 op 6[3 6[3 op op op op

. 0xy . Oy .. O .0y Ox; . Ox
i—aT =my [.X'Z 2 +Xo 2 +)) 2 %) a)(}]z J+m3 (x3 -3 +X3 3
3

dt 0U, 0U; 0U; 0U; 0U; 8U3
j53§')}72 »3 52};3 J+m4(554 6622 FXy 222 +4 86)(;/2 +V4 68)(}]43 J;

jtaa—g= 2( 2%+'2%+ 26@)}_\)2+y266y_2j+m3(¥366i+ 3%+

+y3%+)"3%J+m4(x4ai+ 4 66)&\4: +4 66)»: + V4 66)3)
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Take partial derivatives of potential energy (6):
v ( ¥, 6y_3+m ay4jg’

o Cop  Cop top
6a aa Ja Ja oo
ov 0 0
=| m, J’3 m, V4 o
oU, 6U3 oU,
ar 0y
=my—-g. 8
av 4 v 8 ®)

The variation of the displacement of the rods of the hydraulic cylinders is
expressed by the variation of the generalized coordinates:

ou, . ouU,
=F—LiF 2,
Q(x 1 da. 2 oo,

Oy, = . ®)
where: F; - efforts in lifting the first jib section; F, - efforts in the hydraulic
cylinder of the second jib section; Fj - efforts in the hydraulic cylinder to move

the telescopic jib section.

Substituting expressions (7 - 9) into the system of equations (4), we obtain a
system of differential equations of motion of the manipulator in the process of
changing the departure of the boom system with the cargo when the three main
motions of the boom system are combined:

@ . 0 . Ox
J1a+m2(xz_2+y2%}+m3(x36_3+y3%j+m4(x48—;+
. Oy ov, ouU, ( o Vs o ay4j
+y,— |= FE . N N ,
y4 aocj Yoo 7 da kml 2o oo P oa 4w )
Ox 9 . Ox3 .. 0
o5 s oo G5 B
(10)
P 6x4 6)’4 —_F ou, ( ayz 6y3 m (3)/_4 .
_3_+ _3 _ T 4 4 - _ 3 N 4 :
m{ You, euy ) "\ Mo, auy )T P\ M aus T aus )°
Xq o ay4 6y4
+3, =2 =, =2
m4(X4 2 V4 avj my PY g

Find the coordinates of the driving mechanisms that are part of the system of
equations (11).
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AB=U, = {40* +OB* =2 40- OB -cos (6, +a.—0;). (11)

CF =U, =|CD* + DF? —2.CD- DF -cos(£CDF). (12)
To determine, ZCDF first consider the four link mechanism EDFG
(Fig. 2), and define the diagonal DG:

DG = |EG? + DE* -2 EG - DE - cos (£ DEG)). (13)
ZDEG =n—(05+p—a). (14)
After substitution of expression (13) in dependence (14) we obtain:
DG = EG? + DE* =2 EG - DE -cos(85 +B - a). (15)
Using the sine theorem, we write:
SinDEG _ SinZEDG (16)
DG EG

myg

Fig. 2. The kinematic scheme of the drive of the second jib section

From equation (16) we find:

EG-sin(0s +p—
2ADE = aresin| 2G-S0 #B=a)) (17)
DG
We find the angle Z/FDG from the expression:
FG? = DF?* + DG? —=2-DF - DG -cos ZFDG. (18)
Then:
DG* + DF? — FG*
ZFDG = arccos . (19)
2-DF -DG

Adding expressions (18) and (20), we find the angle ZEDF :
EG-sin(0; +p—a 2 2 _pG2
ZEDF = arcsin sin(0 +p—a) tarccos| PG~ +DF” —FG™ | (20)
DG 2-DF-DG
Now can find the angle ZCDF :
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Z/CDF =n— Z/EDF —6,. Q1)
After substitution of expression (21) in dependence (12) we obtain:
U, =CD? + DF? +2.CD-DF -cos(ZEDF —8,). (22)

To move the links of the boom system, hydraulic cylinders develop driving
forces, which are determined by mechanical characteristics.

The characteristics are presented in the form of quadratic relationships
between the acting forces and the displacement rates of the rods of the hydraulic

cylinders:
4 -U
F=ped -2
1

4 -U
Ey=P -4, 1_2_U2’
o
4-U.
F =P 4 [I- 3Q 3, (23)

where: P, - fluid pressure in the hydraulic system; 4, 4,, 4; - respectively, the
piston area of the hydraulic cylinders of the first jib section, the second jib
section and the telescopic jib section; Ul,Uz,U3 according the speed of the

cylinder rods of the first jib section, the second jib section and the telescopic
section. The flow of the working fluid flowing through the hydraulic distributor
to provide the hydraulic cylinders with the required start mode and speed of
movement of the boom system is determined by the following dependencies,
respectively, for the hydraulic cylinder of the first jib section, the second jib
section and the telescopic jib section:

O =u-f- fﬂ
P
0, =M'f2'1 2.AP2;
P
Qg=u-ﬁ-,/2'§%, (24)

where: AR,AP,,AP; - respectively the pressure drop in the cylinders; u -

coefficient of consumption of working fluid; £, f5, /3 - according of the area
cross-sectional of the hydraulic distributor; p - the specific gravity of the liquid.

To calculate the dynamics of change of departure of the boom system of the
manipulator we use the following output parameters: m; =350 kg, m, =155kg,
my = 65kg, my =500kg, /| =4m, [, =2 m, l; =0,8m, AO =1,6m,
OB=0,5m, CD=1,6m, DF=0,425m, FG=0,425m, FEG=0,425m,
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DE=0,255m, P,=20-10°Pa, 4, =0,012265m*, 4, =0,00915m?,
43 = 0.00185 m?, 0, =0,192 rad, 0, =1,378 rad, 0; = 0,384 rad,
0, =0,157rad, 65 =1,57rad, p= 850kg/m3 . Initial conditions of manipulator
movement: a[0]=-0.3, &[0]=0, B[0]=-1.2, B[0]=0, U;[0]=1, U5[0]=0,
v[0]=0, v[0]=0.

Substituting the initial parameters and initial conditions into the system of
equations (10) and solving it, the graphical dependences of the kinematic and
force characteristics of the manipulator with the cargo are determined and
constructed (Fig. 3 - Fig. 7). The following assumptions were made when
solving the equation system:

- switching time of the hydraulic distributor is 0,1 s;

- the cross-sectional area of the hydraulic distributor varies according to linear
law.

B, rad
a, rad 0.2
0.1 / _04
ts _
1 2 3 5 ¢ ° 08
-0.1 -0.8
02 -1.0 r
S
-03 "1 2 3 4 5 6
(@) (b)

Fig. 3. Graphical dependencies of angular displacement:
(a) the first jib section; (b) the second jib section

From the system of equations (10) and expressions (11-22), the
displacement of the rods of the hydraulic cylinders, respectively, of the first jib
section, the second jib section, and the telescopic jib section were determined.
Depending on the movement of the rod of hydraulic cylinders, the angular
movement of the first jib section and the second jib section is determined.
Analyzing the graphical dependences of movement of the units of the boom
system (Fig. 3), it is possible to determine, in accordance with the geometric and
kinematic characteristics, the functional dependence of the angular movement of
the boom system units in accordance with the linear movement of the rods of
hydraulic cylinders.

Having solved the system of equations with initial parameters and initial
conditions, graphical dependences of speeds of movement of rods of drive
hydraulic cylinders (Fig. 4) and respectively elements of the boom system
(Fig. 5) were constructed with the condition of simultaneous movement of the
first jib section, the second jib section, the telescopic jib section and cargo.
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Fig. 4. Graphical dependences of speeds of
movement of rods of hydraulic cylinders:
(a) the first jib section; (b) the second jib
section; (c) telescopic jib section

Acceleration of rod of the
hydraulic cylinder of the telescopic jib
section (Fig. 4(c)) occurs within 0.1 s,
which corresponds to the time of
movement of the hydraulic control
valve spool. The speed of movement
of the rod of the hydraulic cylinder is
0.058 m/s, and with further movement
is accompanied by dynamic loads.

Exit to on the steady motion of the
first boom section and the second
boom section (Fig.5), occurs in
accordance with of the rod steady
motion of hydraulic cylinder. The
angular speed of movement of the
first section of the jib is 0.077 rad/s, at
the beginning of steady motion, with
further movement has a slight
decrease.

The decrease in the angular speed
of movement coincides with the
decrease in the linear velocity of the
rod of the hydraulic cylinder
(Fig. 4(a)). The angular speed of
movement of the second jib section at
the beginning of steady motion is 0.2
rad / s, with further movement has a
slight decrease. A gradual decrease in
the angular speed of the first jib
section and second jib section with

steady motion, caused by the kinematic parameters of the manipulator and,
accordingly, the oscillatory movement of the cargo (Fig. 7).
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Fig. 5. Graphical dependences of the angular speed of movement of the links of the boom system:
(a) the first jib section; (b) the second jib section
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As can be seen from the graphical P,, Pa
dependencies, the pressure at the 20«10’
beginning of the motion is equal 15x107
2-10’Pa, which corresponds to the 1.0x107
pressure of the working fluid in the ' .
hydraulic  system. Upon  further LI ts
movement of the boom system and their 123456
exit in a steady motion, the pressure in p. p @
the hydraulic cylinder of the first jib z a
. .. . . 2.0x10
section and the second jib section is .
. . 1.5x10
equal to 5-10°Pa, and is accompanied ;
by dynamic loads. This is caused by the UIUESY
5.0x10°

inertial component of the units of the
boom system and, accordingly, the
occurrence in it and the elements of the
hydraulic drive of dynamic loads caused
by the oscillatory movement of the
cargo (Fig. 7).

Taking into account the inertial
components of the units of the boom
system and the fluctuations of the
working fluid pressure in the hydraulic
cylinders, the dependence of the cargo
oscillation at the end of the jib was
constructed (Fig. 7). From the graphical
dependence you can see the
characteristic correspondence of the
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Fig. 6. Graphic dependencies of pressure
change in the hydraulic cylinder: (a) the first

jib section;

(b) the second jib section; (c) the
telescopic jib section

deviation of the cargo from the vertical (Fig. 7), which coincides in time with
the dynamic loads in the elements of the hydraulic drive (Fig. 4), links of the
boom system (Fig. 5) and fluctuations in the working fluid pressure (Fig. 6).
Based on the initial conditions, there is no deviation of the cargo at the
beginning of the movement. At the beginning of the steady movement of elements

of the boom system
(Fig. 4 - Fig. 5) the cargo
deviation is maximized
and equals 0,34rad .

v, rad
0.4}

0.2t
Such  high load
variability  results in |
considerable  dynamic

loads in the elements of
the boom system and the
elements of the hydraulic
drive of the manipulator.
Thus reducing its

0.2t

Fig. 7. Graphical dependence of the cargo oscillation
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reliability and speeding up the failure of the mechanical system as a whole.
Conclusions. As a result of the research, a mathematical model of the
dynamics of change of departure in the plane of movement of the boom system
of the manipulator was constructed, provided that the motions of the elements of
the boom system were combined with the cargo. Dynamic analysis of the
mechanism of simultaneous movement of the first jib section, the second jib
section, the telescopic jib section, and the cargo oscillations is performed.
Graphical dependences of dynamic loads in the boom system and elements of
the hydraulic drive of the manipulator were obtained. The proposed
mathematical model makes it possible to determine the actual dynamic loads in
the elements of the manipulator design and drive mechanisms. The results
obtained can be used in further practical design of hydraulic manipulators.
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Jlogetixin B.C., Pomacesuu 10.0., Cnoodoba O.0., Jloseiikin A.B., [Touxka K.1.
MATEMATHYHA MOJEJb JUHAMIKHA 3MIHU BUJIHOTY CTPLJIOBOi CHCTEMHU
MAHINYJATOPA 3A OJJHOYACHOI'O INEPEMIIIEHHS ii IAHOK

3 METOI0 MiABUIIEHHS MPOAYKTHBHOCTI Ta HAAIHOCTI MaHIMyJsITOpa 3rifHO 3 HOPMATHBHO-
TEXHIYHOI0 JIOKYMEHTAIll€l0, sKa perijaMeHTye Oe3ledHy eKCIUTyaTalilo MaHIIyJIsaTopiB
JIONYCKAETBhCS CYMIIEHHS PYXiB 3 OJHOYACHUM IIEPEMIIIECHHSAM JCKIJIbKOX JIAHOK CTpPiJIOBOI
crcreMu. B pesyinbrari B poOOTi po3riissHyTa METOMKa TO0YI0BH MATEMAaTHYHOT MOZEI B IUIOLIMHI
3MIHM BHJIBOTY CTPIJIOBOI CHCTEMH MaHIIyJsTOpa i3 BaHTa)keM. MaTeMaTH4YHa MOZENb M00yI0BaHa
i3 BpaxyBaHHSM TPbOX OJHOYACHHUX PYXiB, a caMe, OJHOYACHOIO IEPEMIllleHHs Mepuoi CeKiii
CTpiny, APYroi cekuii CTPiim, TEIECKOMYHOI CeKLil CTPiM Ta KOJIMBAHHI BaHTaXy. Po3paxoBaHO
(yHKIIT 3MIHM KIHEMATHYHHX Ta AMHAMIYHHX XapaKTEPUCTHK CTPITIOBOI CHCTEMH 32 OIHOYACHOIO
nepemimenns ii nanok. IToOymoBa MaTeMaTH4HOI MOJENi BHKOHAHA i3 3aCTOCYBAHHSIM DIBHSIHbB
Jlarpanxa apyroro poay. Ilpu npoMy 3a y3arajibHEHi KOOPAHHATH MOJEJi MaHIiyJIsATOpa MPUIHSATO,
KYTOBI KOOPAMHATH IOJIOKEHHS JIAHOK CTPIJIOBOI CHCTEMH Ta KYTOBE BIIXWJICHHS BiJ BEpTHKaIi
BaHTA)XY. A MEXaHIUHI XapaKTEPHCTUKH TiPaBIiYHOTO IMPUBOAY, NPEACTABICHI Yy BHIJIAL
KBaJPATHYHHUX 3QJIEKHOCTEH MDK OIIOYMMH 3YCHILIMH Ta IMIBHIAKOCTAMH IEPEMIIICHb IITOKIB
rigpouuinapis. KepyBaHHs eneMeHTaMu NPUBOAY IMPEACTABICHO Yy BHUIVIAlL PIBHSAHb BHUTPATH
po60oUO0i pimMHY 31 3MIHOIO MJIOLII IPOXIJHOrO Mepepi3y riapaBIidHOro Po3NOAIIbHHUKA 32 JTiHIHHUM
3aKOHOM. B pe3ysibTaTi OTpuMaHoO piBHSHHS PyXy MaHIIYJITOpA 3 BpaXyBaHHSM BIUTHBY IHEPLiHHOT
CKJIaJOBOT KOXKHOI JIAHKH CTPLIOBOI CHCTEMH Ta BIUIMBY KOJMBAaHb BAaHTaXy HA JMHAMIYHI
HaBaHTAXXCHHS CJICMEHTIB METAJIOKOHCTPYKIl Ta €JIEMEHTIB TiJpaBiiuHOro npuBoay. Po3pobiiena
MaTeMaTH4Ha MOJEeNb 103BOJISIE TEOPETUYHO BU3HAYNUTU BIUIUB OJHOYACHOIO NMEPEMIIICHHS IIepIIO]
CeKwii CTpiaM, APYroi Cekiii CTPiIM Ta TENECKOIMIYHOI CEKIii CTPiJM Ha KOJIMBAHHS BaHTaXy, a
TaKoX BIUIMB KOJMBAHHJ BaHTAXY Ha AMHAMIYHI HABAaHTAXKCHHS, SKi HPH L[bOMY BHHHKAIOTH B
CTpIJIOBIi CHCTEMI Ta €IEMEHTAX TiIPaBIiYHOr0 IPHBOIY MAHIMyJIATOPA.

KumiouoBi ciioBa: mMaremaTiyHa MOAENb, 3MiHAa BHJIBOTY, CYMIIUCHHsS PyXiB, MaHImyssTop,
piBHsHHS Jlarpamxka pyroro poay, AMHaMi4Hi HABAHTAXKEHHSI, KOJIMBAHHS BaHTAXY.
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Loveikin V.S., Romasevich Yu.O., Spodoba O.0. Loveikin A.V., Pochka K.1I.,
MATHEMATICAL MODEL OF THE DYNAMICS CHANGE DEPARTURE OF THE JIB
SYSTEM MANIPULATOR WITH THE SIMULTANEOUS MOVEMENT OF ITS LINKS

In order to increase the productivity and reliability of the manipulator according to the normative
and technical documentation, which regulates the safe operation of the manipulators, it is allowed to
combine movements with the simultaneous movement of several elements of the boom system. As a
result, the paper methodology reviewed for constructing a mathematical model in the plane of the
departure change of the boom system of a manipulator with a load. The mathematical model is
constructed from the calculation of three simultaneous movements, namely, the simultaneous
movement of the first jib section, the second jib section, the telescopic jib section and the oscillation of
the cargo. The functions of changing the kinematic and dynamic characteristics of the boom system
with the simultaneous movement of its links are calculated. The construction of a mathematical model
is carried out using Lagrange equations of the second kind. Moreover, the generalized coordinates of
the manipulator model are taken as the angular coordinates of the position of the links of the boom
system and the angular deviation from the vertical of the cargo. And the mechanical characteristics of
the hydraulic drive are presented in the form of square dependencies between the acting forces and the
speeds of movement of the hydraulic cylinder rods. The control of the drive elements is presented in the
form of equations of the flow rate of the working fluid with a change in the area of the flow cross-
section of the hydraulic distributor according to a linear law. As a result, the equation of motion of the
manipulator is obtained, taking into account the influence of the inertial component of each link of the
boom system and the influence of cargo oscillations on the dynamic loads of metalware elements and
hydraulic drive elements. The developed mathematical model allows one to theoretically determine the
effect of simultaneous movement of the first jib section, the second jib section and the telescopic jib
section on cargo oscillation, as well as the effect of cargo oscillation on dynamic loads that occur in the
boom system and manipulator hydraulic drive elements.

Keywords: mathematical model, varying the radius, combination of movements, manipulator,
Lagrange equations of the second kind, dynamic loads, load oscillations.

Jogeiikun B.C., Pomacesuu FO.A., Cnoooba A.A., Jloseiixun A.B., Ilouxa K. /.
MATEMATHYECKAS MOJEJIb JUHAMUKA U3MEHEHUS BBLJIETA CTPEJIOBOM
CUCTEMbBI MAHUITYJISITOPA TP OAHOBPEMEHHOM NNEPEMEIIEHWUU EE
3BEHBEB

C LCJIBIO ITOBBIICHU S IPOU3BOAUTEIILHOCTHU u HaJACXKHOCTHU MaHUITYJIATOpa  COIJIaCHO
HOPMATHBHO-TEXHUYECKON JOKYMEHTAallUM, KOTOpas PpErjlaMEHTUPYET OE30IacHYI0 3KCILTyaTaluio
MaHHITYJISITOPOB, JOIIYCKACTCA COBMCUICHHEC ZlBl/l)KeHl/lﬁ C OJHOBPEMCHHBIM NEPEMEIICHUEM
HECKOJIBKHX OJJIEMEHTOB CTPEJIOBOM CHCTeMbl. B pesynbrate B paboTe paccMOTpeHa METONHKa
ITOCTPOCHUA MaTemaTqucxoﬁ MOJCIM B INUIOCKOCTH HW3MCHCHUSA BbIICTA CTpeJ’lOBOﬁ CUCTEMBI
MaHHMIYJISITOpa € Tpy3oM. MaTemaTuueckas MOJENb IIOCTPOEHAa M3 pacyera TPeX OJAHOBPEMEHHBIX
JIBMDKEHMH, a MMEHHO, OJHOBPEMEHHOIrO IEPEMEILCHUs MEPBOH CEKLMU CTPElibl, BTOPOIl CeKLUH
CTpEJIbl, TEIECKOMUYECKOW CEKIMU CTpeibl M KojebaHus rpysa. Paccuutanbl (GYHKIMH M3MEHEHUS
KHHEMAaTUYCCKUX MU JUHAMHUYCCKHUX XapaKTCPUCTHUK CTpeJ'lOBOﬁ CUCTEMBI IIpU OJAHOBPEMCHHOM
HepeMelleHUN ee 3BeHbeB. [locTpoeHne MaTeMaTHUeCKONM MOJENN IPOBOJUTCS C HCIOIb30BAaHUEM
ypaBHeHui Jlarpamxka Broporo poxa. IIpu 3ToM 3a 00001EHHBIE KOOPAMHATHI MOJIEIIM MaHHITYJIATOPa
IPUHATO, YTJIOBBIC KOOPAUHATHI I1OJIOKCHUS 3BEHBEB CTpeJ'lOBOﬁ CUCTEMBI U YIJIOBOI'O OTKJIOHEHHUS OT
BEPTUKAJIA T'py3a. A MEXaHHUYCCKHUE XaPAKTCPUCTUKU TUAPABIUYCCKOrO NpUBOAA, MPEACTABJICHBI B
BUJIE KBAJIPaTHBIX 3aBUCUMOCTEH MEXy AEHCTBYIOIUMMHU YCWIMSMH M CKOPOCTAMH IEpEMEILEHUS
IITOKOB THAPOLUJIUHAPOB. anasnex—me DJICMCHTaMU IIpUBOJA IIPEACTABJICHO B BHUIC ypaBHeHuﬁ
pacxoma paboueil JKHIKOCTH CO CMEHOH IUIOLIAABI0 IPOXOJHOrO CEYCHHs T'MIPABIMYECKOrO
pacrpeznenurens 3a JIMHEHHBIM 3aKOHOM. B pe3ynbTaTe IOMY4€HO YpPABHEHHE JBHKCHHS
MaHMITYJIITOPA € YY€TOM BJIMSIHMS WHEPLIMOHHOM COCTABIISAIOLIEH KaXIO0ro 3B€Ha CTPEIOBOWH CHCTEMBI
U BIJIMAHHUA KOJ'leﬁaHl/lﬁ rpysa Ha OJAHAMHAYCCKHEC HArpy3kKd OJSJIEMCHTOB MCTAJUIOKOHCTPYKLIHUHA H
9JIEMEHTOB T'MJAPABIMYECKOro INpuBOAa. Pa3zpaboTaHHas MaTeMaTHyeckass MOJEIb IO3BOJISICT
TECOPETUYCCKU ONPEACIIUTD BIIMSIHUE OJHOBPEMEHHOI'O IEPEMEILCHUS nepBoﬁ CEKIUU CTPEIIbI, BTOpOl‘/i
CEKLIMH CTPEJIBI ¥ TEIECKOIMYECKO CeKIIMHU CTPENbI Ha KoJIeOaHus1 Ipy3a, a TAKKe BIMSHHUE KoJeOaHUH
rpy3a Ha JMHaMHUYECKHE HAarpy3KH, KOTOPBIE IIPU 3TOM BO3HHUKAIOT B CTPEJIOBOW CUCTEME U 3JIEMEHTax
TUPABIMYECKOrO MPUBOJA MAHHUITYIISITOPA.

KiroueBble cj10Ba: MaTeMaTH4yeckass MOJeb, M3MEHEHHE BbUICTA, COBMEILCHUE JBIKCHUIA,
MaHHITYJISITOP, ypaBHEHHE JlarpaHika BTOPOro pojia, IMHaMUYECKHE Harpy3KH, KojaeOaHus rpysa.
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Jloseiikin B.C., Pomacesuu FO.0., Cnoooba O.0., Jloseiikin A.B., Iouxa K.I. MaremaTrn4yHa
MO/eJIb AMHAMIKH 3MiHH BHWJIBOTY CTPIJIOBOI cHCTEeMH MAaHIiNmyJsiTopa 3a OJAHOYACHOTO
nepemimenHs ii 1aHok // Onip matepianiB Ta Teopis cnopya: Hayk.-texH. 30ipauk. - K.: KHYBA,
2020. — Bum. 104. - C. 175-190.

Ompumano pieHsHHs PYXY MAHINYIAMOPA 3 6PAXYEAHHAM GNAUGY THEPYIUHOT CKNA0B80I KONHCHOT
JMaHKU CMpINoeoi cucmemu ma GnIUEY KOIUSAHb BAHMANCY HA OUHAMIYHI HABAHMAICEHHS
enemenmie MemanoKoHCmpyKyii ma eremenmie 2iopaeniunoco npueody. Bcmamnoeneno eniug
00HOUACHO20 nepeMiujerHs nepuloi cekyii cmpinu, opyeoi cekyii cmpinu ma meneckoniunoi cexyii
cmpinu  Ha KOAUBAHHA BAHMACY, A MAKOJIC 6NIUG KOJNUBAHHS GAHMANCY HA OUHAMIYHI
HABAHMAdCeHHs, AKI NPU YbOMY SUHUKAIOMb 6 CMPIIosil cucmemi ma eiemenmax 2iopasniunozo
npu6ooy MaHinyIamopa.

In. 7. Bi6niorp. 19 Hass.

UDC 621.87

Loveikin V.S., Romasevich Yu.O., Spodoba O.O. Loveikin A.V., Pochka K.I. Mathematical model
of the dynamics change departure of the jib system manipulator with the simultaneous
movement of its links // Strength of Materials and Theory of Structures: Scientific-and-technical
collected articles. — K.: KNUBA, 2020. — Issue 104. — P. 175-190.

An equation of motion of the manipulator is obtained taking into account the influence of the
inertial component of each link of the boom system and the effect of the oscillatory movement of the
cargo on the dynamic loads of the metalware elements and hydraulic drive elements. The influence
of the simultaneous movement of the first jib section, the second jib section and the telescopic jib
section on cargo oscillation, as well as the effect of cargo oscillation on dynamic loads that occur in
the boom system and manipulator hydraulic drive elements, is determined.

Fig. 7. Ref. 19.
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Jlosetikun B.C., Pomacesuu FO.A., Cnoooba A.A., Jloseiikun A.B., Ilouka K.JM. MaremaTu4eckasi
MOJeJIb JMHAMHMKHM M3MEHEHHsl BbLIeTa CTPEJIOBOIl CHCTEMbl MAHUINYJSITOPa NpPH
O/THOBPEMEHHOM IepeMelleHUH ee 3BeHbeB // CONpPOTHUBICHHE MATEPUAIOB U TCOPHS
coopyxenuid. — 2020. — Bein. 104. — C. 175-190.

Ionyueno ypasHenue OBUNCCHUS MAHUNYIAMOPA C Y4eMOM 6030€lCmeUs UHEPYUOHHOU
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Over the last century, the suspension roofs design has progressed until the advent of the shells
theory in the first half of the 20th century, due to a rapid pace in technological advancement. A
paradigm shift emerged with the new trend in structural design towards a new design process that
cooperatively integrated economy, efficiency, and elegance. Different approaches in computation,
design and reliability assessment of roof structures are discussed in this work to identify the key
conditions that have significantly contributed to modern suspension roof design principles. A new
algorithm to assess the reliability of suspension roofs at the design stage is proposed and a novel
method for computational design and reliability evaluation of suspension roofs is presented in this
paper. This method enables to solve some topical issues, such as assignment of initial geometric roof
parameters and relevant problems, like numerical determination of reliability indices for statistically
non-determined systems of suspension roofs with a big cut on elliptical plan.

Keywords: suspension roof, stress-strain state, computational methods, reliability indices, roof
failure.

1. Introduction

The esthetic superiority and the overall structural performance of suspension
roofs are well known by Otto [1] and Rabinovich [2], since these structural
systems combine stability, economy and satisfaction of special architectural
demands, while their application is closely related to major engineering
challenges. Based on inspiration and intuitive conception quality, distinguished
pioneer engineers have designed and realized numerous buildings with
suspension roofs as their main structural component (Mies van der Rohe [3],
Tange and Nervi [4], etc. Starting from the famous Crown Hall at the Illinois
Institute of Technology between 1950 and 1956 [5, 6], the Tokyo Small
Olympic Arena from the early sixties [7, 8] and the Paper Mill at Mantua, Italy
[9], there are many applications of suspension roofing system, like that in Dulles
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International Airport (Washington DC 1962), Stadthalle (Bremen 1964),
Europahalle (Karlsruhe 1983), PA Tech Laboratories (Princeton 1986) and
Church of Fatima (Brasilia 1988) must be quoted [4].

A valuable contribution to the theory and design of large-span spatial shells
was done by many scientists [10]. In the last 15 years the advent of powerful
computers and development of sophisticated nonlinear computer-aided design
(CAD) software [11, 12, etc.] have enabled engineers to utilize suspension roofs
in complicated large scale structures, some of which can be classified among
unique examples of engineering excellence. A comparative presentation of
earlier and recent applications of suspension roofs is shown in Fig. 1, where the
last image (Fig. 1(c)) refers to the
Oquirrh Park Speed Skating Oval,
belonging to the facilities of the
Salt Lake City cite for the XIX
Olympic Winter Games of 2002
[4].

Supporting  elements  of
suspension roofs are most often
made by flexible or rigid threads
(guys). The guys can be made
from conventional rolled steel,
trusses, rebar rods, strand of high-
tensile wire and cables, etc. These
roofs are different from others
due to the lack of prestressing
process. It is also possible to
obtain the necessary roof rigidity
with a low constant and high
temporary load. The material in
suspension shells works in two
(b) directions. In addition, shells can

' also withstand shear forces.

Large-span roofs have a
higher responsibility level as their
failure can lead to serious
economic and social
consequences. In this context,
design of these unique structures
should be based on an integrated
approach of rational choice of
design solutions [16, 17, 18].
These decisions are related to

Fig. 1. Four classical applications of suspension . . . .
roofs: (a) DullesAirport, UnitedStates[13]; (b) PA funCtlonalltYa architectural de51gn,
TechLab, UnitedStates [14]; (¢) Oquirrh Park manufacturing and installation
Speed Skating Oval, UnitedStates [15]
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techniques as well as operating conditions. The requirements of reliability,
manufacturability and cost efficiency as well as accounting the environmental
and social factors should be fully implemented.

Probabilistic assessment of reliability is one of the most important tasks in
roofs researches in the objects with high responsibility. The main property that
determines the reliability of these structures is their performance and ability to
save the pre-defined operational quality during the lifetime. Quantitative
characteristic of this property is the failure-free operation probability [18, 19].

Existing design codes [20-22] do not include large-span roofs reliability
quantification requirements. It is assumed that the computational requirements
implementation provides a sufficient reliability level. However, this level can
vary within very wide limits depending on load variation characteristics and
material properties; constructive scheme; number of structural elements; type of
relations between the forces in the elements and the loads.

Reliability of metal structures in buildings and constructions represent
statistically determined and non-determined systems that were investigated by
many researchers. The major problems and samples were considered [23, 16]
and reliability assessment of the large-span suspension roofs and cable-stayed
structures was investigated [24, 25, 26].

It should be mentioned that joints between the supporting elements of
bearing structures, such as trusses or beams, are a significant issue in the
supporting elements composition, because their failure could lead to the start of
the damage of the whole roof. Application of modern numerical simulation
techniques, like ADINA and ABAQUS [11, 12] enables to investigate the effect
of structural schemes on the joints operation and to accumulate necessary
statistical data on stressed-strained state of joints. At the same time,
contemporary status of computer engineering development opens possibilities
for estimating the reliability of joints in suspension roofs, bearing in mind
parameters of stressed-strained state and correlation links between functions of
joints elements supporting capacity. Investigations of stressed-strained state of
joints in steel structures was performed [27, 28], however lot of issues related to
stress-strain state (SSS) of suspension roofs joints should steel be studied.

2. Aims and Scope

The main objective of this study is to present a broad perspective of using a
novel method for computational design and reliability evaluation of suspension
roofs, as they are often used in construction of modern stadiums. It is related to
the fact that UEFA puts forward strict requirements to ensure comfort for
spectators of world or continental football championships. One of the
requirements is high-quality roofs over the stadium tribunes for protection
against external influences, such as rain, snow, wind, sun, etc. The choice of this
type of the stadium roofs is due to their numerous advantages. Thus, the present
paper reviews the existing modern design approaches and ways for ensuring
proper reliability of long span suspension roofs.
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Consequently, the main objective at the given stage is developing
fundamental approaches for determining reliability of stadium roofs joints by
numerical methods, using microsimulation in modern CAD.

3. Structures as art: from concept to design

Over the past few decades, a lot of large-span shells have been designed and
constructed all over the world. Each of them represents a unique architectural
form and based on different approaches in design of supporting structures roof.

3.1. Types of tension roof structures

In order to achieve adequately stiff and stable tensile cable or membrane
roof structures the following possibilities are known [24]:

1. Using gravity stiffness

2. Pre-stressing

3. Using air pressure support

4. Combination with rigid elements such as beams, trusses, arches, plates,
grids, columns.

Simple suspension cables, synclastic shells and membranes are otherwise
flexible. If loaded by heavy slab or shell elements, the resulting tension system
can be imparted adequate stability and stiffness though it is an antithesis to the
tension structures ‘lightness’. An alternative concept is to design pre-stressed or
‘counter-stressed’ tension systems as shown in Fig. 2 [25].

(2) (b) (O

Fig. 2. Typical roof supporting tension systems[29]:
(a) trusses, (b) two-way net; (c) tri-diagonal net.

It is recommended to use rigid threads without pre-stressing to improve the
stability in suspension roofs [24]. This decision significantly reduces the roof
weight, applies light prefabricated flooring and simplifies the construction.
Rigid thread is easiest to produce rolled, preferably from the high-strength steel.

An important element of suspension roofs is the supporting contour [10].
Normally a supporting contour has a rectangular cross section and is made of
reinforced concrete in a monolithic and/or modular form. The supporting
contour is used for fastening the suspension roof that transmits the tensile forces
from the trusses fixed by hinges to the supporting contour. These contours may
be designed either closed or opened. In case when the contour is opened, the
thrust force is transmitted by struts, buttresses, delays with anchors and other to
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foundations. Big forces appear in these elements from the guys thrust and they
require higher material consumption. Therefore, the closed contours are more
economical. At the same time, the supporting contour has the highest material
consumption in the roof (about 35 ... 60%).

Fig. 3. Typical tension roof systems [31, 29]: (a) one-chord system; (b) two-chord system on
rectangular plane; (¢) two-chord system on round plane with cut; (d) two-chord system on round
plane without cut; (e) typical saddles strained nets; (f) metal membrane

There are planar or spatial covering shells which together with a membrane
or cladding form the basis of a roof system. Both gravity loaded or pre-stressed
roofs have to be combined with elements such as beams, trusses, arches, plates,
grids and columns. Typical structures [25] are shown in Fig. 3. Some known
examples are worthy of discussion such as the roof of the Munich Olympic
stadium in Germany, roof of the ice-skating rink in Munich, Germany,
convertible roof over the Roman arena in Nimes, France, convertible roof of the
Montreal Olympic stadium, Canada, the glass-grid dome of the Neckarsulm
indoor swimming pool, the Olympiakos Stadium in Athens, Greece, the new
suspended cable roof of Braga Stadium, Portugal, the Thessaloniki Olympic
sport complex, Greece, the new Juventus Stadium in Turin, Italy etc. [30, 25,
26]. The present review is focused on landmark buildings that have a
determined suspension roofs shape on a rectangular, square, elliptical or circular
planes.
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3.1.1. Suspension roofs of round or elliptical plans

Shukhov Rotunda (Fig. 4 (a)) is a unique round steel pavilion, constructed
by V. G. Shukhov for the Russian Industrial and Art Exhibition in Nizhny
Novgorod in 1896 [4]. Rare structure with a diameter of 68 m has a roof in a
form of strongly stretched suspension annular mesh shell with a steel membrane
and has a diameter of 25 m in the central part. It was the world's first membrane
(suspension) structure of roof buildings.

Fig. 4. Suspension roofs with round and elliptical plans:
(a) Shukhov Rotunda, Russia [32]; (b) Olympic pool in Mockow, Russia [33]; (c) Olympiastadium
in Munich, Germany [34]

As example of an external thrust systems, where the thrust forces are
transmitted to the foundation or anchor, is the roof of the Olympic pool [35] on
the Mira-street in Moscow, Russia (Fig. 4 (b)). It has a rigid supporting contour
in a form of two arches. The bases for the roof construction solution are rigid
threads made in a form of trusses and parallel to the short axis of the building
with a step of 4.5 m. Profiled sheeting panels are installed on the trusses to
provide suitable stiffness. Insulation, screed and roof waterproofing are placed
on the panels. Another example of rigid threads functional application is their
using as stabilizing system components of large-span membrane roof (for
example, that of the covered stadium on Mira street in Moscow, Russia [35],
where the radial elements of the stabilizing system were designed as 2.5 m
height suspension trusses).

Olympia stadium [36] (Fig. 4 (c)) is a unique multifunctional stadium in the
heart of the Olympic Park in Munich, Germany, that was constructed in 1972.
The tribunes are covered by a giant suspension shell that was designed by
architect Frei Otto. Large canopies of acrylic glass and steel cables were used
for the roof construction. Moreover, they were used for the first time in such a
quantity for construction of sports facilities.
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3.1.2. Suspension roofs of square and rectangular plans.

As a roof with rigid threads, one can distinguish the pavilion of USSR at the
World Exhibition in Montreal, Canada, constructed in 1967 [25, 36], which was
later dismantled and imported to the USSR in 1975. The structure of the
pavilion (Fig. 5 (a)) is represented by stretched corner trusses that transmit the
supporting forces to the powerful V-shaped pylons-spacers. At the bottom of the
structure supported on hinges are installed special vertical ties that are loaded
from the opposite side by the mass of the structure and pre-stressing for
providing structural stability.

A modern stadium with a unique suspension roof on a rectangular plan and
flexible threads is the stadium in Braga, Portugal. It is included in the top 20
unique stadiums of the world [39]. The Braga Stadium was one of the stadiums
constructed in Portugal for the 2004 European Championship (Fig. 5 (b)). The
most outstanding element of the structure is its very flexible suspension roof,
which is formed by pairs of full locked coil cables spaced 3.75m apart from
each other, supporting two concrete slabs over the stands of the stadium. This
infrastructure was built for the 2004 European Football Championship. The
stadium was designed by Eduardo Souto Moura in conjunction with the
“Afassociados” consultancy office and has been considered by many a
masterpiece of modern architecture. In the west stand, the concrete walls are
anchored in the rock and the roof cable forces are transmitted to the foundation
by pre-stressing tendons embedded in the concrete [40].

(b)

Fig. 5. Suspension roof on the square and rectangular plans:
(a) Pavilion of USSR in Montreal, Canada [37]; (b) The Braga Stadium, Portugal[38]

After considering all the variety of suspension roof design solutions, one can
conclude the following remarks about their advantages:
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- architectural and structural expressiveness;

- constructive form of suspension roof is quite common in large -span
structures;

- materials consumption in metal suspension roofs is much less than in
arched type structures, where the main part of the metal is consumed in arch
supporting;

- the opportunity of constructing roof structures by parts, is important for the
financing big construction projects.

3.2. Necessary conditions

Current trends should be taken into account in the design and construction of
new roofs. There is a large number of both realized and pending projects of
stadiums with suspension roofs in
the world [41]. Figure 6 illustrates
some of the new projects in
different countries around the
world.

3.2.1. Structural principles

The history of architecture has
involved countless styles and
trends, but the rationale behind the
structural art has not changed
significantly no matter the scale of a
RIREEEE e e structure; it always features a search
‘ for a cost-effective and
. ’-"17’ 77"?}? f P‘h pgrformancse-efﬁcient design

without losing elegance [5, 7, 10].

The aesthetic expression of a
structural form is neither a pure
desire to find a shape for decoration
nor a subordination of its function;
otherwise a structure would be
overdesigned without any
appearance of structural art [45].
Stadiums and  their  roofs
exteriors should comply with the
culture and the area where they
are located. Examples of roof
projects that consider the local
culture are shown in Fig. 7. The
Muslim Qatar stadium roof for
the World Cup 2022 in Qatar is

Fig. 6. Modern design solutions of suspension : :
roofs of stadiums: (a) Vladikavkaz, Russia [42]; ﬁlll}_/ . 1ntegrate.d nto the
(b) Basra, Iraq[43]; (c) Durban, South traditional architecture ( see

Aftica[44] Fig. 7(a)); similarly, the Muslim
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style arches were used in Uzbekistan (Fig. 7(b)), stadium roof in Turkey
(Fig. 7(c)) that looks as a
crocodile [46].

Studies from the historical
point of view have shown how
design evolved to achieve an
efficient and economic structure
by understanding structural
principles. Further, bio-inspired
or biomimetic design (Fig. 8)
inspires engineers to find a
cost-effective structural form
with elegant appearance and
also presents emerging
challenges, including design of
smart and intelligent structures.
Review on these topics is
available [50-52].

F. Leonhardt [56]
formulated ten rules for
structural  design and M.
Troitsky [57] mentioned ten
requirements for  structures (b)
aesthetics. These rules could be : ik
sorted into two groups: to
improve the elegance of
structures and to improve their
harmony with the environment.
Although the rules cannot
guarantee the elegance of a
structure, but at least they can
help designers to avoid certain
kinds of unattractive designs.

3.2.2. Competitive

environment

Quality function
deployment (QFD) has been Fig. 7. Exteriors of stadiums roofs: (a) Al Khor,
widely used as a multi- Qatar [47]; (b) Tashkent, Uzbekistan [48]; (c) Bursa,

functional design tool to Turkey[49]

translate customer requirements to a product’s technical attributes. QFD
originated in the late 1960s and early 1970s in Japan [58] and the topic is
investigated till today [59]. At the beginning of QFD development, the primary
QFD functions were product development, quality management, and customer
needs analysis. Thus, QFD was used to help design teams to develop products
with higher quality to meet or surpass customer requirements. With the
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development and widespread use of QFD, its application areas expanded to
much wider fields, including design, planning, decision-making, engineering,
management, teamwork, timing, costing and so on. The inherent incentive of the
widespread use of QFD is its benefits to practitioners. Researchers have
mentioned the benefits of QFD correctly rating the importance of every
customer requirement is essential to the QFD process because it will largely
affect the final target value of a product’s technical attributes [60 - 63].
Traditionally, capturing customer requirements involves three steps in QFD:

1. Identifying customer requirements;

2. Structuring customer requirements;

3. Determining the importance weight for the individual customer
requirements.

The first two steps are
usually accomplished via
market survey, combined
with expert opinion. Many
researchers have proposed
several mature methods on
this topic. Presently, the
success of a product in a
competitive market place
depends either on how well
it meets the customers’
requirements, or how it

compares with
competitors’ products.
Therefore, it is important to
integrate competitive

analysis  into  product
design and development.

A new customer
requirement ranking
method that takes
competitor information into
account was proposed [64].
This method focuses on the
voice of the customer and
also considers the
competitive environment.
The method helps in
finding out the most
important customer

Fig. 8. Biomimetic architecture of stadiums. (a) Beijing, requirements, and provides
China [53]; (b) Hangzhou, China[54]; (c) Al Wakrah, a way to combine them
Qatar[55]
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with the importance weights from a customer’s viewpoint. The proposed rating
method will provide the final weight from three perspectives: competition,
performance and customers. The conceptual process of this model is presented
in Fig. 9.

Structuring Customer Requirements |

Formulating the Fuzzy Performance Rating Matrix |

v

Deriving the Weights from Competitor’s Information

1) Fuzzy comparison

2) Assessing the competition position

3) Competitive weight rating algorithm

4) Defuzzification and normalization of importance weight

Incorporation of Traditional Weight |

Fig. 9. Conceptual process according to the proposed model

Competition is a factor that can improve the result in works on structural art.
European countries such as Switzerland and Germany have elevated modern
structural design to an artistic level by making the design process itself
competitive. It is reported that competition between structural artists pushed
designs to become works of art, such as Thomas Telford and John Rennie in the
age of iron, Isambard Brunel and George Stephenson in the design of unique
structures, or Othmar Ammann and David Steinman in the design of long-span
suspension bridges [65]. Hines and Billington have studied the design process of
the winning bridge for the competition of the Ingolstada Bridge in 1998 and
showed how design competition pushed structural engineers to exceed the
norms of practice and design a work of art [66]. Overall, structural form based
on competition can drive the conceptual design process, leading to a highly
developed vision of the design and a form that could not have been conceived
by structural theory alone.

3.2.3. Materials efficiency

The development in structural materials is a prime factor, leading to a
revolution that has taken place in suspension structure development and use.
The roof cladding which may have used animal skins in the primitive
applications can today be chosen from a wide variety of possibilities.
Corrugated sheeting from metals—galvanized iron, aluminum alloys, stainless
steel-plain or corrugated, and sheets from non-metals such as fibre reinforced
glass or plastic, timber planks, concrete slabs, and fabrics of different type, and,
produced to a high degree of sophistication are available. The development in
the capacity to carry direct forces or flexure is even more dramatic.

The basic tenet is the enormous increase in the strength-weight ratio. In
compression and flexure elements, timber and stone have given way to high
strength steels [67], high performance concrete [67], pre-stressed concrete [67],
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corrosion resistant high yield reinforcing steels [67], etc. For tension elements
which initially used natural vines and creepers, and then cast iron chains, there
is now abundant use of high tensile strength steel wire ropes and strands [67]
and opportunity of using carbon reinforced plastic fiber [68].

Increase in the strength—weight ratio has enabled a substantial growth in the
capacity of a structure or its elements to carry live and superimposed loads [67].
Furthermore, improvements in technology have led to enhanced corrosion
resistance of metals and their products, as well as development of high strength
non-metallic materials which are inert to the effect of corrosion [67]. Thus from
the humble beginnings of small exotic suspension systems, the way has been
paved for the large scale application of suspension structures.

Alongside typical construction materials such as steel and concrete, todays’
innovative materials are finding their way into the designs of new structural
form, such as fibre reinforced polymer (FRP) composites. With its high strength
and durability, it has been recognized as a competitive material for suspension
construction [69]. However, its optimal structural forms have not yet been fully
explored, nor has its material potential been achieved. Attempts to use laminated
composite in the shape of thin shells, membranes and woven webs were
investigated [17, 68, 70]. Keller [71] reviewed the multifunctional use of FRP
composites that offer the potential to meet the need of a new generation of
infrastructures, such as lightweight and high sustainability. It is important to
develop material-adapted forms, meaning efficient forms that exploit the unique
properties of a material [72].

The requirements for the roof material are described in the International
Building Code 2006 (IBC), chapter 15, [73].

3.3. Failures of the large-span roof structures due to design mistakes

Collapse examples of different large -span roofs types can be used to learn
the errors in design or improper construction. Putting forward ideas should be
technically and economically justified in the design of unique large-span
structures. Requirements for reliability, manufacturability and cost-
effectiveness, environmental and social factors should be performed in full.

The modern building codes are based on structural reliability theory [22].
Theoretically, the structural failure probability should be in the order of 10° per
year. However, failures occur and are in general caused by:

- Unfavorable combinations of circumstances like extreme snow load on a
roof structure in combination with an unfortunately low structure strength.

- Unforeseen load conditions like for example explosions. It is quite rare
events and precautions can be done to reduce the consequences like design
against progressing collapse.

- Gross human error in the design, material production or construction
phases. To minimize or avoid human errors, different actions can be taken like
for example education, good working environment, complexity reduction, self-
checking and inspection.
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Violation of existing rules can lead to accidents. Some illustrative examples
of large -span roofs are shown below.

In December 2010, 50 centimeters of snow fell in the western part of USA
and the temperature dropped to minus 18 degrees [74]. Therefore, a huge
inflatable roof collapsed over the stadium Metrodome in Minneapolis. The
unique domed roof was made of fiberglass. The whole structure was maintained
by overpressure of air. During the collapsing process first, a hole formed in the
roof; second, the roof crushed under the snow weight on the field of the stadium
(Fig. 10 (a)).

Roof of one of the FC Twente, Netherlands, stadium tribunes collapsed in
2011 [78]. The roof has collapsed durmg the stadium reconstruction in order to
expand its capacity. The collapse . ; ;
was due to mistakes during
construction and installation works.
As a result, two supporting beams
lost their load-supporting capacity
(Fig. 10 (b)).

Siemens Super Arena is a
multifunction sports hall. The arena
was formally run by the Danish
Bicycle Union and a cycle-racing
track was one of the main features.
The structure was built in 2001 and
inaugurated in February 2002. The
““fish-shaped’” main trusses with a
spacing of 10.1 m have a span of
72 m. On the morning of 3 January
2003 the truss in line 4 (Fig. 10 (¢))
suddenly fell to the floor [79]. The
Siemens Arena case differs from
many other cases in that it was due
only to design errors made by
Albeit Many that was working
under a tight time pressure and ®)
without supervision. Formally third
control party by an approved
independent  structural engineer
was hired, but what he did apart
from putting his signature on the
front page of the computations and
his bill is difficult to see [79].

Nowadays, civil structures
become more and more wind and

o Fig. 10. Collapse of stadiums roofs
snow sensitive, because of the (a) Minneapolis, USA [75]; (b) Twente,

trend towards lightweight Holland[76]; (c) Ballerup, Denmark [77]



204 ISSN 2410-2547
Omip MatepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2020. Ne 104

construction and the evaluation of exact wind loads acting on such structures,
frequently characterized by complex geometries, requiring expensive
experiments in wind tunnels or semiempirical methods. The dynamic nature of
wind action can cause oscillations and deformations, which can compromise the
performance of the roof and, in the worst cases, its structural stability. On the
other hand, the static effect of snow represents a dominant load for this type of
structure, even reaching as high as 70%-80% of the total load. One of the
primary collapse causes (corresponding to approximately 45% of the cases
analyzed) lies in an erroneous evaluation of the loading conditions and of the
structural response [18]. A number of studies and analyses have been carried out
on structures that have completely or partially collapsed:

- due to snow, e.g. the Hartford Coliseum (1978), the Pontiac Stadium
(1982), the Milan Sports Hall (1985) and the Montreal Olympic Stadium
(1992);

- due to wind, e.g. the Montreal Olympic Stadium (1988).

From the observation of such collapse events significant information has
been collected, and design specifications have been obtained for verification of
these structures in ultimate and serviceability limit states. In particular, the great
difficulties in assessing and simulating real load conditions have emerged and
some considerations about such problems are described [80, 81].

Among the facts, related to the work of suspension threads and hard errors in
their design, one can identify the following examples:

1. Swimming pool of Olympic sports complex in Moscow, Russia (Fig. 4b)
[35]. Following the publications of the appropriate commissions that have
studied the reasons of these events, the influence of concrete creep and changes
in the shell geometry on buckling of RC thin-walled shells was not properly
considered in the design. Iskhakov and Ribakov [82] focused on buckling of
such shells, taking into account geometrical and physical nonlinear behavior of
compressed concrete. The critical buckling loads for the shells are obtained. It
was shown that these loads are lower than the actual ones and therefore the
shells’ buckling was unavoidable. To prevent brittle shell failure, they should be
designed using other dominant failure modes that appear before the buckling. It
was concluded that possible failure schemes of real RC shells can be predicted
using dominant failure modes obtained by laboratory testing of scaled models.
Rigid threads (suspension trusses) are the main load-supporting structural
elements of the roof mounted on the support contour. The error in the geometry
of the support contour at this facility led to significant changes in the stress-
strain state of threads. It has led to violations of their design geometry and
operating problems of the roof.

2. Covered stadium on Mira street in Moscow, Russia, [35]. Rigid threads
(suspension trusses) are part of the radial-ring stabilizing system. It is working
together with the membrane roof in perception of non-equilibrium loads.
Considering of geometric nonlinearity was performed incorrectly. It has led to
necessity correction of the roof geometry in the final stages and cutting
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(essentially it is generate failures) of the separate elements of the lower chords
of suspension trusses.

Consider addition of the case regarding the airport terminal roof collapse in
Paris.

Terminal 2E of the Charles De Gaulle International Airport (Paris) collapsed
unexpectedly in the early morning of Sunday, 23-May-2004. According to an
initial enquiry, the metal support structure had pierced the concrete roof, causing
it to split and fall in. The new terminal collapse was “linked to the perforation of
the vault by thes, that was a consequence of a design errors” [83].

Long span coverings were subjected to partial and global failures as that of
the Hartford Colisseum (1978), the Pontiac Stadium (1982) and the Milan Sport
Hall (1985) due to snow storms, the Montreal Olympic Stadium due to wind
excitations of the membrane roof (1988) and snow accumulation (1995), the
Minnesota Metrodome (1983) air supported structure that deflated under water
ponding, the steel and glass shell sporthall in Halstenbeck (2002).

These examples describe the importance of considering the nonlinear effects
(geometrical, physical, structural, genetic) in more accurate computation and
proper design of similar roofs, and as result, ensuring the reliability of rigid
threads.

The problems with general poor quality in the building industry are not new
and were investigated [84]. It was identified that there are five main drivers for
change, four processes on which to focus improvement and seven targets for
improvement with for example an annual targets for capital cost of 10% (see
Fig. 11.). In Sweden, a commission has published a 400-page report, describing
a building sector with many problems, like illegal cartels and other market
manipulating activities, macho culture and short time for planning design even
for very complex structures [85]. According to the report more than 60% of the
shortcomings in the finished structure are related to shortage in documents that
the client has the responsibility for. These problems have resulted in poor
quality and high prices.

60
50
40
30
20
10

0

 [86]

a b C d e f

Fig. 11. Cause of accidents in building in percentage following [86, 87]:
(a) design errors; (b) manufacturing and installation errors; (c¢) poor materials quality;
(d) shortcomings in codes; () incorrect operation; (f) other
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After considering various examples of accidents it can be concluded that
there are different causes of accidents [88]. The available data are presented in
Fig. 11. The difference of these data can be explained, apparently, by lack of
statistical data, imperfect methodology for assessing the accidents causes, etc.
However, a large proportion of design errors is alarming.

These cases are the lessons that should be learned as the causes and
mechanisms of accidents. Methods of structural analysis of roofs to eliminate
the possibility of structures failures in the future should also be improved.

4. Modern methods of computation and providing reliability in design

of suspension roofs

Effective solution of the designing problem in modern construction is highly
dependents on considering of real construction work in the computation and
construction.

4.1. Computation methods for stress-strain state evaluation in spatial

rod shells formed by threads

There are various methods for computation of stress-strain state (SSS) of
spatial rod shells. Detailed information about it is given in [10].

Analytical computation methods of spatial rod shells lead to solution of
problems described by a system of nonlinear differential equations. Solutions of
these problems can be implemented using the following methods [23]:

- methods of solution of boundary problem together with the boundary
conditions;

- methods of energy functional minimization;

- linearization method.

Particular attention should be paid to the computation of shell structures
considering the geometrical and "structural" nonlinearity, because considering
of the design scheme that changes during the construction (as built) is required
for computation and design.

Numerical computation methods of spatial rod shells have been widely
applied due to the rapid development of computer technology. Among them are
the finite difference method, finite element method (FEM), the variational-
difference method, and others [35]. FEM allows solving problems with the
changes in the design scheme. It is important for the large -span structures,
which during the construction change the distribution of internal forces, and also
the direction of displacements in the main load-supporting elements.

Currently, particular wide application among numerical methods has the
finite element method. This is due to a number of important advantages for this
case:

- the ability to consider a large number of structural elements with specified
analytical models (finite elements) and a wide range of analytic representation;

- boundary conditions and random load can be considered,;

- the size and stiffness characteristics of the finite element may be variable,
depending on the geometry of the structure, as well as operational and
technological characteristics;
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- properties of structural elements and materials may be different, that allows
to analyze structure dwith multi-modulus materials.

There are different manufacturing and computation methods for estimating
actual design performance of rigid threads with varying degrees of accuracy [10,
24, 25, 89], etc. However, all the above methods do not consider the difference
between computation of solid threads as well as threads with through-section.
Furthermore, they do not consider the type of lattice, and its stiffness
characteristics. It yields forces redistribution in the elements, but particularities
in structural behavior under dead and live loads are not fully considered.

4.2. Modern methods for providing reliability of suspension roofs in

design stage

The problem of reliability especially concerns unique large -span structures.
Among these are suspension shells that have increased level of responsibility on
application denial that may lead to severe economic results and social
consequences (as it was discussed in section 3.3). During design there are
problems exceeding the limits of existing regulatory documents. Novelty of
technical concepts, specific knowledge and experience in design of such kind of
structures is required from a structural engineer. Requirements of reliability,
technological and economic efficiency should be fully realized in this case, as
well as environmental and social factors should be considered.

4.2.1. Requirements of modern codes for providing strength, rigidity

and stability of roofs structures and their elements

Strength, stiffness and stability of suspension roofs and their elements are
regulated by current standards [20-22] and provided by computation, performed
assuming that entire load is perceived by threads and transmitted to supports.
Considering the strength and stiffness of beams is required for determining the
roofs deformations and displacements, caused by temporary load.

Computation of the suspension system should include:

- finding the maximum force for all elements under any possible loads
combination;

- finding the cross-sections of all elements in the suspension system and
supporting structures;

- finding the deformation of the roof and supporting structures under the
possible loads combinations;

- verification, if necessary, to special effects: thermal stresses, supports
displacement, seismic loads, fatigue, dynamic stability, etc.

The computation is recommended in the following order:

A. Selecting the type and the main parameters of the roof system: spans,
supports location, etc. The shape taken by the system under the action of the full
design load is determined.

B. Computation of strength.

Forces in the supporting threads and the supporting structures under the full
load and the actual roof geometry are calculated. Cross sections of threads are
found accordingly. After that, the dimensions of the support structure are
assigned.
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C. Computation of deformation.

The computation is required to determine the sections of stabilizing
structures that together with the supporting threads provide the necessary
stiffness and stability of the suspension roof. It is advisable to separate the
deformation to elastic and kinematic. The suspension roof stiffness is achieved
by increasing the supporting threads sag and cross section.

The type and section of the stabilizing structures are determined by the terms
of the maximum allowable kinematic displacements of the roof under the
uneven payloads. After that, verification of the shell stiffness is performed
(elastic deflection under the temporary load is determined).

Verification of the supporting structures with the unfavorable mounting load
is performed. Computation of the systems and support contour under the uneven
temporary load is performed. The analysis of rigid threads is performed in a
geometrically nonlinear formulation.

Despite the demands of modern codes for providing strength, rigidity,
stability of roof structures and their components, the system of partial reliability
coefficients for structures with high responsibility level is not normalized [22].
Therefore, it is most logical to analyze the roof structure using direct reliability
theory methods, which can later become a basis for normalization of reliability
coefficient for the required level. This method is described in paragraph 4
below.

4.2.2. The methods of reliability theory of building construction in

providing reliability requirements at the design stage

Uncertainty analysis in engineering should ideally be a part of routine design
because the variables and supposedly constant parameters are either random or
known with imprecision. In some cases the uncertainty can be very large, such
as in case of natural actions provoking disasters or modeling errors leading to
technological disasters. To estimate the risk of a given engineering problem,
cumulative distributions functions (CDFs), defining the input variables, are
traditionally used and then, by means of analytic or synthetic methods (i.e.
Monte Carlo) the probability of not exceeding undesirable thresholds, is
computed [90, 91].

One of the main problems in applying the probabilistic approach is that the
CDFs of the input variables are usually known with imprecision. This is
normally due to the lack of sufficient data for fitting the model to each input
random variable. For this reason, the parameters of the input distributions are
commonly known up to confidence intervals and even these are not wholly
certain. This hinders the application of the probability-based approach in actual
design practice [19]. Even if the information is abundant, there remains a
problem of high sensitivity to usually small failure probabilities to the
distribution functions parameters [86]. Such a sensitivity is due to the fact that
the probability density function estimation from empirical data is an ill-posed
problem [87, 92]. This means that small changes in the empirical sample affect
the parameters, defining the model being fitted, with serious consequences in
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the tails, which are just the most important zones of the distribution functions
for probabilistic reliability methods [93, 94].

These and other considerations have fostered the research on alternative
methods for incorporating uncertainty in the structural analysis, such as fuzzy
sets and related theories [95], anti-optimization or convex-set modeling [96],
interval analysis [97], random sets [98], ellipsoid modeling [99,100] and worst-
case scenarios [101]. Comparisons have been also made between probabilistic
and alternative methods [102] or their combination has been explored [103,
104]. Analytical and computational methods used in the technical reliability
theory for computation of complex systems, which can be used for reliability
analysis of statically indeterminate systems are shown in Fig. 12.

| Reliability of statically indeterminate systems |

The states method The probabilistic method of limit
equilibrium
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Fig. 12. Methods for assessing the reliability of statically indeterminate systems

In the engineering theory, reliability evaluation of complex systems is
usually reduced to examination and analysis of two principal kinds of joints
[23]:

a) series connection, failure-free performance probability of which at
independent components is determined as

m
p, =118, (1)
i=1

where Pi is probability of failure-free performance of component i;
b) parallel connection

m
B, =1-]]1-R). )
i=1
Series connection in probabilistic meaning can be used for description of
statistically determined system, e.g. trusses.
But practical evaluation of real structures reliability cannot be reduced to
application of simple equation (1) in consequence of availability of correlation
between resistance conditions of components.
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Activities of statically non-determined systems is definitely associated with
parallel connection, but evaluation of their reliability cannot be done according
to Eq. (1) because redistribution of forces in the system after failure of separate
components, which are dependent. Thus, reliability evaluation of statically non-
determined structures requires thorough and careful analysis of their activities
character and failure under load and discount of distinguishing features of
failures of the components and the system on the whole.

A special technique of construction reliability level estimation has been
developed [10]. This technique is a good example of computing the reliability of
large -span roofs, as systems with series of elements connections.

Failure probability of was adopted as the quantitative characteristics to
evaluate the reliability of suspension structures [105].

The survivability term should be noted together with reliability.
Survivability is the ability of an object to keep (perhaps with a degradation of
performance) working condition, even with damage of some parts. The term of
construction survivability is directly related with that of sensitivity. As a rule,
the last one is used for design purposes. There are various methods for
sensitivity analysis, based on certain restrictions and conditions in the algorithm
for design of structures using FEM [23]. Therefore, finite element computation
algorithm is needed to analyze the survivability and sensitivity of construction.
In the investigation of the survivability of the Ice Palace "Luzhniki" roof in
Moscow, Russia, failure of individual components was simulated and
construction functionality was estimated [10].

5. Method of determining the reliability indices at the design stage

It can be concluded, that current design standards do not contain demands on
quantitative estimation of reliability of large -span roofs. Various approaches
and structural design concepts, particularly for metal structures, have been
significantly developed and justified however, nevertheless, there are no
convenient and sufficiently simple methods for determining reliability of
parameters for a structures in evident form. Known design solutions, based on
ultimate state method, cannot be properly compared by the design concepts’
reliability.

The hot topic of providing the required reliability level in design of large -
span roofs, in particular suspension roofs and rod shells, in many aspects,
determining the efficiency of large -span roofs construction, was considered and
approved [24]. The design method of and design work of rigid through section
threads based on determining numerical exponents of designed structure
reliability has been made (Fig. 14).

The developed calculation and design technique of three-dimensional rod
roof with a cut on elliptical basis can consider such problems as assigning the
initial geometric parameters of the roof, initial selection of the section with
further refinement using a finite elements model under different loading
combinations. It also allows numerical calculation of reliability indices for
statistically non-determined systems in a form of suspended shell with a big cut
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on elliptical plane — a problem that was not considered previously in design
methodologies, based on the ultimate state method.

This type of roof corresponds to modern requirements of aesthetics and
biomimetic architecture. Suspension rigid threads may be compared with the
lianas, whole roof system with the bird's nest, where these lianas are the
supporting elements (Fig. 13) [106]

The main load-supporting elements of the roof system: a) external contour,
supported by columns or walls of the stadium; b) internal unsupported contour,
supported by thrust; c) rigid thread with the form of trusses (Fig. 13).

o N S Y T

Fig. 13. Long-span suspension roof with rigid threads

The proposed method provides solution for the following problems:

- finding rational geometric parameters of a structure;

- obtaining appropriate rigidity characteristics of basic supporting
elements;

- finding a track of elements failure for typical roof diagram with
following evaluation of stressed and strained state of the object;

- finding of numerical safety indices of a structure (finding the lower and
upper safety limits).

The described method has been applied to obtain the reliability indices of the
stadiums roofs of FC «Schakhtar» in Donetsk, Ukraine [24]. It was shown that
the obtained values of reliability indices for a roof structure satisfy the European
codes requirements [20,22].

A design procedure of roof reliability can be described by a scheme
presented in Fig. 14. The values designations of this scheme are shown in
Table 1.

The above-described method has also shortcomings. It ignores issues related
to the joints’ action as part of the shell when calculating the roof reliability
level. This issue opens a new research areas. The first steps in this direction
were already made [82]. Fundamental approaches for providing reliability of
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suspension roof joints by numerical methods were determined. The authors
suggest that creation of new computation and design methods for suspension
roofs based on recently developed technique [24] will enable to improve the
quality of computation methods and increase the reliability and durability of
such type of structures. It will be based on the definition of numerical reliability
indicators of the designed structure taking into account the performance of joints

in the roof.

1. Engineering analysis of the roof
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2. Numerical analysis of the shell in the software SCAD

(determination of trace to failure)

3. Probabilistic design of the roof

3.1. Lower limit of reliability

— Series connection (brittle model);

— Random quantities: 4. &, :

— Computation of the reliability
indices based on using the unique
Monte Carlo method [16]:
—Identification of the random quantity
density  distribution  law  and
determination of its boundaries.

3.2. Higher limit of reliability
— Parallel connection (plastic model);
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Fig. 14. A scheme for finding the numerical indices of suspension roof reliability
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6. Results and Discussion

From the above-mentioned procedure the reliability indices of a spatial
structural block of shell “G” as a constituent of the section NC of the “Donbas-
Arena” Stadium in the city of Donetsk were determined according to the actual
fact of the construction [24]. The span of the roof block is a spatial bar shell of a
double curvature and variable height. The basic dimensions are: the shell
external profile — 59.9 m, the shell internal profile — 31.7 m, the span — 61.2 m.
The structure height varies and is 1.99 m — 5.3 — 3.1 m.

From the results of analyses carried out at the maximum normative snow
load 160 kg/m* there was fixed the most stressed element, but stress o in it was
therewith 108 MPa < o, = 440 MPa. To reach the limiting state of the elements
this load was being increased step-by-step and reached 535 kg/m® when the
failure tracing of the shell block elements was fixed, see Fig. 15.

Fig. 15. A shell section being failed [24]:
(I) a raptured zone of the shell; (II) a predicted zone of the next failure of the shell

7. Conclusions

The paper reviews the latest issues and developments in suspension roofs,
touches upon the historical perspective. It particularly addresses the latest design
trends and concepts as well as ways for providing reliability of suspension roofs.

The proposed method provides solutions for the following problems:
obtaining rational geometric parameters of a structure; finding appropriate
rigidity characteristics of basic supporting elements; determining the elements
failure trajectory for typical roof diagram with the following evaluation of stress
- strain state of a structure; calculating numerical safety indices of a structure
(determining the lower and upper safety limits).

The method enables to find the zones, where failure will be initiated. It
offers an opportunity to create additional strength and reliability of structures,
located in dangerous places, such as bearing joints of the connecting trusses to
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external contour and internal contour, the braces to the lower chord of the
trusses, intermediate joints of upper and lower chords of supporting trusses
etc., at the stage of design and construction.

Large-span roofs have increased liability level, since their failure can lead to
severe economic and social consequences. In this case, the design of these
unique structures should be based on complex approach for selecting the
rational structural concept related to the structure’s function, architectural
concept, manufacturing methods, construction, etc. Reliability requirements,
adaptability to manufacture, economic efficiency, ecological and social factors
should be also fulfilled.

Young engineers should be inspired by the great structural forms of the past
and be encouraged to study more works from our generation to spark improved
designs in the future.

Based on the above, we can recommend to young researchers the universal
algorithm, based on:

- preliminary computation;

- analysis of survivability;

- design according to the limit states requirements;

- design based on the numerical reliability indicators.

It will allow improvement of computation methods quality and more
accurate analysis of roof structures. Using this approach also leads to increasing
of reliability and durability of such types of structures and minimizes mistakes
in designin and computation.
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Cmamms naoitwna 20.12.2019

I. Priadko, 1. Rudnieva, Y. Ribakov, H. Bartolo
A NEW APPROACH TO THE DESIGN OF SUSPENSION ROOF SYSTEMS

Over the last century, the suspension roofs design has progressed until the advent of the shells
theory in the first half of the 20th century, due to a rapid pace in technological advancement. A
paradigm shift emerged with the new trend in structural design towards a new design process that
cooperatively integrated economy, efficiency, and elegance. Different approaches in computation,
design and reliability assessment of roof structures are discussed in this work to identify the key
conditions that have significantly contributed to modern suspension roof design principles.

A new algorithm to assess the reliability of suspension roofs at the design stage is proposed and a
novel method for computational design and reliability evaluation of suspension roofs is presented in this
paper.

The proposed method provides solutions for the following problems: obtaining rational geometric
parameters of a structure; finding appropriate rigidity characteristics of basic supporting elements;
determining the elements failure trajectory for typical roof diagram with the following evaluation of
stress - strain state of a structure; calculating numerical safety indices of a structure (determining the
lower and upper safety limits).

The method enables to find the zones, where failure will be initiated. It offers an opportunity to
create additional strength and reliability of structures, located in dangerous places, such as bearing
joints of the connecting trusses to external contour and internal contour, the braces to the lower chord of
the trusses, intermediate joints of upper and lower chords of supporting trusses etc., at the stage of
design and construction.

Large-span roofs have increased liability level, since their failure can lead to severe economic and
social consequences. In this case, the design of these unique structures should be based on complex
approach for selecting the rational structural concept related to the structure’s function, architectural
concept, manufacturing methods, construction, etc. Reliability requirements, adaptability to
manufacture, economic efficiency, ecological and social factors should be also fulfilled.

Young engineers should be inspired by the great structural forms of the past and be encouraged to
study more works from our generation to spark improved designs in the future.

Based on the above, we can recommend to young researchers the universal algorithm, based on:

- preliminary computation;

- analysis of survivability;

- design according to the limit states requirements;

- design based on the numerical reliability indicators.
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It will allow improvement of computation methods quality and more accurate analysis of roof
structures. Using this approach also leads to increasing of reliability and durability of such types of
structures and minimizes mistakes in designin and computation.

Keywords: suspension roof, stress-strain state, computational methods, reliability indices, roof
failure.

IIpsioxo FO., Pyonesa 1., Pubakos FO., Bapmono X.
HOBMI MIAXIA 1O MPOEKTYBAHHS CUCTEM IOKPUATTIB BUCSYOI'O TUITY

IIpoTsiromM OCTaHHBOT'O CTONITTS IPOSKTYBAHHSI IIABICHUX OKPHUTTIB IHTEHCHBHO PO3BUBANIOCS 10
nosiBM  Teopii OOOJIOHOK y mepiuiii 1mosoBuHi 20-r0  CTONITTS, 3aBISKH IIBHIKAM TeMIaM
TEXHOJIOTIYHOro Iporpecy. 3MiHa napaaurMi BHHHKIIA 3 HOBOIO TEHACHLIEIO B CTPYKTYPHOMY AM3aiiHi
JI0 HOBOI'O POLIECY MPOSKTYBAHHSI, IKMi IIBUIKO 00'€1HAB €KOHOMIKY, €(PEKTHBHICTb Ta EJICTAHTHICTb.
VY wiii poGoTi pO3rIISLAAITECS Pi3HI MIIXOAHM 10 OOYMCIICHHS, IIPOCKTYBAHHS Ta OL[IHKH HaAiHHOCTI
KOHCTPYKLIf BHCSYMX HOKPHTTIB, 00 BU3HAYUTH KIIFOYOBI YMOBH, SIKi CYTTE€BO CIIPHSUIM HOSIBI
Cy4aCHHUX IPUHLIUIIB yTBOPEHHS KOHCTPYKTUBHOI CXEMHU BHCSYOrO ITOKPHUTTSL.

B wiii po6oTi 3anpOIOHOBAHO HOBHIl aIrOPUTM OLIHKHM HAAIfHOCTI BHCSYOrO MOKPUTTS Ha CTafii
IPOEKTYBAHH, @ TAKOX HOBUI METOZ PO3PAaXyHKY Ta OLIHKH HaJiHHOCTI BUCSYOTO HOKPUTTSL.

3anponoHoBaHuil CHOCIO MPOIOHY€E pIilCHHS HACTYIHHX 3aBIaHb: OTPHMAHHS pPaLliOHAJbHUX
TEOMETPHYHHUX IApaMETPiB CHOPYIH; 3HAXOKCHHS BIIIOBIIHUX XapaKTEPHCTHK JKOPCTKOCTI
OCHOBHHUX OINOPHHX €JIEMEHTIB; BH3HAYEHHS TPAEKTOpIl BIAMOBH EJIEMEHTIB IJI1 THUIIOBOI CXEMHU
HOKPHTTS 3 TIEBHOIO OL[IHKOKO HAIPYXEHO-1e(OPMOBAHOIO CTaHy KOHCTPYKIIii; O0YMCICHHS YHCIOBHX
IOKA3HHKIB O€3MeKU CIopyAH (BU3HAUYCHHS HI)KHBOI Ta BEPXHBOI MEX Oe3IeKn ).

Merox no3Boisie 3HAiTH 30HM, Ae Oydae MOYMHATUCS pyHHYBaHHS. [IpOmOHYyeTbCs CTBOPHUTH
JIOIATKOBY MILHICTb I HaJIHHICTh KOHCTPYKLiH, PO3TAIIOBAaHMX B HEOE3NEUHUX MICIIIX, TAKUX SIK
BY3JIH 3'€AHAHHS HecydnX (epM 10 30BHILIHBOrO KOHTYPY 1 BHYTPILIHEOTO KOHTYPY, B’S3H 10
HIDKHBOTO T0sICY (pepMH, TPOMIDXKHI By3JIH 3'€AHAHHS BEPXHIX Ta HIKHIX MOSCIB Hecydnx depM Toro,
Ha eTaNinpoeKTyBaHHs Ta OyAIBHULTBA.

BeiKOnposIbOTHI TIOKPUTTS. MAKOTh ITiABHILICHUN PIBEHb BiIIIOBIAJIBHOCTI, OCKUIBKH iX BiIMOBa
MOXKE MPH3BECTH [0 CEPHO3HHX CKOHOMIYHHMX Ta COLIQJIBHAX HACHIKIB. Y LbOMY BHIAJKY
IPOEKTYBAaHHS LMX YHIKAJIBHUX CIIOPYA Mae 0Oa3yBaTHCs Ha KOMIUIGKCHOMY MIiAXOAI 1O BHOOpY
paLioHaIbHOI KOHCTPYKTUBHOI CXEMH ITOKPHUTTSI, HOB's13aHOI 3 QYHKII€I0 KOHCTPYKLIT, apXiTEKTYPHOIO
KOHIICIIIIE€I, Croco0aMi BUIOTOBJICHHS, OyIIBHHUTBOM Ta iHIme. BuMorum g0 HauiiHOCTI,
aJIalITOBAHOCTI 10 BUPOOHMIITBA, CKOHOMIYHOI Ta EKOJIOTYHOI e(EKTHBHOCTI, a TaKOX COL{aJbHi
(hakTOpH MOBHHHI BUKOHYBATHCS.

Moroaux IiHXKEHEpIB CIIiJ HAJUXaTH BEIMKHMH KOHCTPYKTUBHHMH ()OpMaMH MHHYJIOTO i
320X04YyBaTH BUBYATH OiJIblie pOOIT HAIIOrO MOKOJiHHS, MI00 IHI[iFOBATH BJOCKOHAJICHI MPOEKTH B
MaiiOyTHEOMY.

Buxomsun 3 BHINECKAa3aHOrO, MU MOXXEMO PEKOMEHIYBATH MOJOJUM BYEHHM YHiBepCaJIbHHUI
AJICOPUTM, 3aCHOBAHHUII HA HACTYITHOMY:

- ronepeHe 00UHCIICHHS,

- aHAJIi3 KUBYYOCTI;

- IPOEKTYBAHHS BIAMOBIIHO O BUMOT TPAHHYHUX CTaHIB;

- IPOEKTYBAHHS HA OCHOBI YHCJIOBHX OKA3HUKIB HaIifHOCTI.

Lle 103BOINTH MOKPALTH SIKICTh OOUHMCITIOBAIPHUX METOAIB Ta OTPUMATH OLIbII TOYHHI aHANI3
KOHCTPYKI[I TMOKPUTTIB. BHKOPHCTaHHS LBOr0 MiAXOAY TAKOX IPU3BOJUTH JO ITiBHIICHHS
HAZIfHOCTI Ta JOBrOBIYHOCTI TAKUX THINB KOHCTPYKLIH 1 MiHIMI3ye NMOMIUIKM B HPOEKTYBaHHI Ta
00YHUCIICHHSX.

KirouoBi ci1oBa: BuCsSYe IOKPHUTTS, HAIpyXeHO-Ie)OPMOBAHHN CTaH, OOYHMCIIOBAJIBHI
METO/IM, TOKa3HUKU HaJIHHOCTI, pyiHYBaHHS TOKPUTTIL.

VK 624:014

IIpsioko KO.M., Pyonesa I.M., Pubakos FO., Bapmono X. HoBuii miaxix 10 NpoeKTYBaHHS CHCTEM
NMOKPHUTTIB BUcsiyoro Tumy // Omnip Matepianis i Teopis cnopya: Hayk.-Tex. 30ipH. — K.: KHVYBA,
2020. — Bun. 104. — C. 191-220.

Poszenaoaiomves  pisui nioxoou 00 004UCAEHHS, RPOEKMYSAHHSA MA OYIHKU HAJIUHOCMI
KOHCMPYKYI GUCAYUX NOKPUMMIG. 3anponoHoeano HOSUil an2opumm OyiHKu HAOIHOCMI 6UCAY020
ROKpUMmMmsL Ha CMAOIi NPOEKNY8AHHS MA HOBUL MEMOO PO3PAXYHKY BUCTU020 NOKPUIMMIAL.
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Priadko I.N., Rudnieva L.N., Ribakov Y., Bartolo H. A new approach to the design of suspension
roof systems // Strength of Materials and Theory of Structures: Scientific-and-technical collected
articles. — K.: KNUBA, 2020. — Issue 104. — P. 191-220. — Eng.

Different approaches in computation, design and reliability assessment of roof structures are
considered. A new algorithm to assess the reliability of suspension roofs at the design stage is
proposed and a novel method for computational design and reliability evaluation of suspension
roofs is presented.

Fig. 15. Ref. 106.
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Abstract. In this work, a computer system for modeling geometric objects is constructed. This
system is instrumental in solving various problems that occur in construction, in particular in the
design of ventilation systems. Our approach is based on a method of the polypoint transformations,
namely on deformation modeling. Deformations of geometric objects could be described based on
the given parameters of a dynamic deformation rather than on analytical equations. An object’s form
is changing due to a deformation of a space in which an object is located. Using the machinery of
the polypoint transformations, a computer system for modeling geometric objects has been created.
The system provides tools that simplify the constriction of surfaces with various types of sections.

Key words: deformation modeling, polypoint transformations, computer modeling, ventilation
system, gearbox.

1. Introduction. There are various ways to supply and remove indoor air.
The choice of ventilation system must take into account technological
requirements for working conditions and living space, as well as economic
factors. When designing ventilation, it is necessary to apply appropriate design
and planning solutions using modern information technologies.

The composition of the system depends on its type. One of the most
commonly used is mechanical systems. They include the following components:
ducts; grates; diffusers; fans; heaters; filters, gearboxes and more. In any
ventilation, ducts are an important structural element for supplying fresh air and
removing polluted air. When designing ducts in construction, it is necessary to
take into account the various forms of cross sections when connecting ducts,
which is difficult in practice. Similar problems also arise when designing
gearboxes, various ventilation systems for residential and domestic industrial
premises.

The difficulty of this task is that the transitional structures listed may have
cross-sections of different shapes at the ends that need to be joined: for example,
round on one side and square on the other. This problem will be solved by
creating a system of modeling by means of polycoordinate transformations.

© Sydorenko Iu.V., Kryvda O.V., Leshchynska V.
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2. Literature Review and the Problem Statement. In [1] formulas of
polypoint transformations are given, the concept of poly-point coordinates is
introduced and the method of transformation of a straight line in a point cascade
is described.

[2, 3] provides examples of how poly-point transforms are used to control
the shape of an object. The analysis of different ways of polypoint
transformations is carried out.

[4] provides an example of the use of different types of polypoint
transformations to solve the extrapolation problem.

The analysis of these studies indicates the need to create a computer system
for modeling geometric objects, which would allow solving a number of
problems that arise in the design and design in construction.

3. Formulating the goals of the article. The purpose of this study is a
computer-aided system for modeling geometric objects, which is based on the
theory of polypoint transformations, created with the help of modern
information technologies, which would greatly simplify the existing processes
of constructing surfaces with different types of sections.

4. Main Materials of the Study. Polycoordinate transformations [1] can be
used in various fields of production at the stage of modeling of investigated
processes. Polycoordinate transformations are divided into polytissues and
polypoint.

Let's take a closer look at polypoint transformations using a multipoint
framework (Figure 1).

g

Fig. 1. Polypoint transformations on a plane

Polypoint transformations allow you to change the position of a straight line
(object of transformation) by manipulating the points of the transformation base.
As can be seen from Figure 1, the initial base (points 1,2,3,4,5) was changed to
1', 2, 3", 4, 5" In this case, the position of the line changed according to the
change in the basis of points.

This is achieved by decoupling the system, which establishes a functional
relationship between the polycoordinate coefficients of the direct before and
after transformations (f3; and ¢; ).
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Since polypoint transformations allow one line to be transferred from the
initial basis to another, two and several lines can be "transferred" in the same
way. This, in turn, means that you can transform objects in this way. Figure 2
shows the polypoint circle transformation. As you move the points, the circle
turns into a closed curve.

Fig. 2. Conversion of a circle at the five-point base

Thus, polypoint transformations allow you to track the deformation of a
geometric object, affecting only the space that limits that object. There are
different ways of influencing the basis [2, 3]. For example, you can move the
basis points in the plane, and you can enter and manipulate the weights by
increasing or decreasing the weight at a particular point of the basis, or at all
points in the same way. Figure 3 shows an example of a circle (object of
transformation) with a change of weight is converted into a square (with
increasing weight), or a curvilinear
rhombus (with decreasing weight). 2 3

In  three-dimensional  polypoint
transformations, the images will be not T
planes but straight. Two point bases are
introduced: initial and converted. As the
weights of the basis points change, the
shape of the three-dimensional objects
changes. These transformations also
have different modifications depending
on the appearance of the scales.

Let's take a closer look at polypoint L

d

transforms using a multipoint frame.
The plane in the initial basis can be gt

described by a system of equations: Fig. 3. Weight transformations of a circle at
v; =ax; +by; +cz; +dh,i=1.n. a four point basis

The area after conversion will be determined by such a system:
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©; =AX;+BY,+CZ,+DH,, i=1..n,

where @; — the distance from the plane (the prototype) to the points in the initial
base.

The system determines 4,8,C,D — coefficients of the transformed plane.

The formula of multipoint transformation is written as:

¢ =wy;, i=l.n.
So,
0;Y; = Ax; + By; + Cz; + Dh;, i=1..n.
Functional for unambiguously solving the problem:

2 )
Z((Pi_'}’i) —0,i=1.n.
Therefore, it is necessary to find partial derivatives for all four variables.

D )2
% =23 X,(AX, + BY, + CZ, + DH, —y,) =0,
D )2
%:221@(/& +BY, +CZ, + DH, —y;) =0,
0 )2
% =23 Z,(AX, + BY, + CZ, + DH, —y;) = 0,
D )2
% =23 H,(AX, + BY, + CZ, + DH, —y,) = 0.
These four equations form a linear system of equations.

AV =B,

ZXiZ ZXIYI ZXiZi ZXiHi
go| 2EX XY Nz QYA

Yzx, dzy, >z} Y zZH |

Y HX, Y HY, Y HZ > H}

where

A 2 X
B > Yy,
V=2 | B=|& "
c ZZ,-Y,-
D ZH,-Y,-

Unleashing the system, we get the values 4, B, C, D - the coefficients of the
plane after conversion.

The algorithm for converting a three-dimensional body can be described as
follows:

* the 3D object is immersed in a point base. This is done by the user by
selecting the basis points based on the conditions imposed on the task, such as
the final shape of the object;
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* the body to be deformed is represented by a set of planes (triangles). This
can be done, for example, by triangulation;

* consecutive polypoint transformations of each plane are performed and
their intersection is determined;

* using the existing methods of spatial interpolation (or the capabilities of
modern graphics packages)
smoothies the resulting surface.

Figure 4 shows an example of a
deformation of a sphere as the basis
weights change.

The polypoint transformations
considered allow modeling of
deformations of different geometric
elements. Exterior, modeling
gearboxes (adapters) with different
breaks in front of different limbs,
which allow to connect with each !
other the ducts of different system
ventilations of internal living and
industrial premises. Examples of

some reducers are presented in Fig. 4. Three-dimensional poly-point
Figure 5 transformations

.'|'
¥,
P

=

O
Wy

¥

M, e

Fig. 5. Gearboxes with rectangular and circular sections

To visualize the processes of deformation of an object on the basis of
polypoint transformations, a system has been developed that allows to control
the positions of the basis points, ie their coordinates, and also to set the weights
of these points. The system lets you view the animation. The object rotates
around three axes in real time. This allows the user to view in real time the
shape change of the object and to analyze the deformations that have taken
place.

An example of how the system works is shown in Figure 6.
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Fig. 6. Deformation of an object after changing the coordinates of the basis points

As can be seen from Figure 6, the user can deform the object and get the
shape he needs, by simply manipulating the controls.

5. Conclusions. Studies have shown that polycoordinate transformations can
not only model the shape of deformed objects with the ability to visually track
these processes, but also construct technical objects such as reducers - adapters
with different cross-sections at the ends. In the process, a computer system was
created whereby the user could deform the object and get the shape it needed by
simply manipulating the controls, which can be useful in the process of
producing gearboxes.
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Cuoopenko FO.B., Kpusoa O.B., Jlewuncvra 1.B.
CUCTEMA MOJIEJTIOBAHHSI KOHCTPYKTUBHUX EJJEMEHTIB BEHTUJIALIAHUAX
CUCTEM 3ACOBAMMU ITOJIKOOPAUHATHUX NEPETBOPEHb

JlociifkeHHsT IPHUCBSYEHEe HEOOXIMIHOCTI CTBOPEHHS CHCTEMHM MOMACIIOBAHHS TEOMETPHYHHX
00’eKTiB, sKa [IO3BONHJIA O BHPIIIMTH PsJ 3aBOaHb, 10 BHHUKAIOTH HPH KOHCTPYIOBAaHHI Ta
IPOCKTYBaHHI B OyHIBHHLTBI, a camMe Yy BEHTWDILIHUX CHCTeMaX. 3aBJaHHS BHPIIIYEThCS 3
BHKOPUCTaHHSAM IOJITOYKOBHX IEPETBOPEHb. 3a JOHOMOron AehOpMALifiHOrO MOJEIIOBaHHS
MOXKHa BinoOpaxaTH Impoumecd 3MiHH (OpPMH TEOMETPHYHUX 00’€KTiB 0e3 IEeBHOro BHIY
AQHANITUYHOrO IPEACTABICHHS, KOPHCTYIOYHCH TIIbKH IapaMeTpaMu AMHAMIYHOI Aedopmarii.
3Miny ¢opmMu 00’ekTa BHKIMKAaE gedopMmalis HPOCTOPY, B SKOMY 3HAXOZUTHCS 00 €KT.
IlpencTaBHMKOM JaHOrO KJacy MOJeNel € IONIiTOYKOBI meperBopeHHs. Ha ocHOBi amapary
HOJITOYKOBHX IIEPETBOPEHb Oysia CTBOpEHAa KOMII'IOTEPHA CHCTEMa MOJCIIOBAHHS I'€OMETPHYHUX
00’€KTiB, sKa I03BOJISIE CIIPOCTHTH IPOLECH KOHCTPYIOBAaHHS IOBEPXOHb 3 PISHUMH BHAAMHU
epepizis.

KurouoBi ciioBa: nedopmariiiiHe MOAEIIOBAaHHS; ITOJITOYKOBI MEPETBOPEHHS; KOMII IOTEpPHE
MOJIC/IFOBAHHS, BEHTUIALINHA CHCTeMa; PEAYKTOP.

Cuoopenko FO.B., Kpueoa E.B., Jlewunckas U.B.
CUCTEMA MOJIEJINPOBAHUSI KOHCTPYKTHUBHBIX 3JIEMEHTOB
BEHTUW/ISIHUOHHBIX CUCTEM CPEJICTBAMMU NOJIMKOOPIUHATHbBIX
NPEOBPA3OBAHUI

HccnenoBanue  MOCBAIIEHO  HEOOXOIMMOCTH — CO3[AHHUS ~ CHCTEMBl  MOJEIMPOBAHUS
r€OMETPUICCKUX 061>CKTOB, KOTOpas I103BOJIMJIA 6l>l pe€uuTh psAA 3agad, BO3HUKAKOIIUX ITPU
KOHCTPYUPOBAHUHN U IPOCKTUPOBAHHUU B CTPOUTECIILCTBE, @ UMECHHO B BEHTUJIALIMOHHBIX CHCTEMaXx.
3ajaya pemiaeTcss € MCHOJb30BAHUMEM  IOJMUTOYEUHBIX IpeodpasoBaHuil. C  nomouibro
nehOpPMALIIOHHOI0  MOJECIMPOBAHHMS MOXXHO — OTOOpa)kaTb HPOLECCHl  HM3MEHEHHS  (OopMbI
reOMETPUYCCKUX OOBEKTOB 0€3 ONpEeNeNeHHOr0 BUa aHATUTHYECKOTO IPEACTABICHHS, MOIB3YSICh
TOJBKO TapaMeTpaMy JuHaMHueckod pedopmaunu. M3menenne ¢opmbl 0oObekra BBI3BIBACT
nedopMaliio MPOCTPAHCTBA, B KOTOPOM HaxomuTcsi oObekT. IIpeiacraBuTesieM AaHHOrO Kiacca
Mojeseil SIBISIOTCS IONMTOYCUYHBle INpeoOpazoBanus. Ha ocHOBe ammaparta IOJMTOYECYHBIX
npeoOpa3oBaHuii Oblla CO3JaHa KOMIBIOTEPHAsl CHCTEMa MOJCIMPOBAHUSI TEOMETPHYCCKUX
00BEKTOB, KOTOpas IIO3BOJSET YHPOCTHTh IPOLECCHl KOHCTPYHPOBAHMS IOBEPXHOCTEH C
Ppa3InIHBIMHA BUOAAMHU CC‘{CHMFI.

KiroueBble ciioBa: 1ehOpMalMOHHOE MOJCIMPOBAHME; IIOJMTOYECUHBIC MPEOOpa3oBaHMU;
KOMITBIOTEPHOEC MOACIIMPOBAHUE, BEHTUJIALIMOHHBIE CUCTEMBI, PEAYKTOP.
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ventilation systems by polycoordinate transformations // Strength of Materials and Theory of
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228.

The research is devoted to the need to create a system of modeling geometric objects that would
solve a number of problems that arise in the design and design in construction, namely in ventilation
systems. The problem is solved using polypoint transformations.

Tab. 0. Fig. 5. Ref. 4.
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The method of studying the stress-strain state of reinforcement structures of combined soil
massifs has been proposed with the geometric and physical nonlinearity in the formulation of the
problem based on the nonlinear theory of elasticity and plasticity of the soil. The study of the stress-
deformed state of the computational domain from the standpoint of the mechanics of the deformed
solid body had been carried out, using algorithms for solving the problems of the theory of elasticity
and plasticity, with the construction of universal computational models of the combined half-space,
that allows to determine more reasonably the magnitude of the stress-strain state of complex soil
bases in interaction with the reinforcement structures, the surrounding buildings foundations and the
whole complex of the surrounding buildings structures. The influence of new construction on the
condition of soil bases and foundations of adjacent buildings had been evaluated by determining the
change of pressure on the reinforcement structure and determining the stress-strain state change of
this structure and the foundation of the existing house. The change in the deformation of the
foundation of the existing building, ie the oscillation of the soil foundation and the maximum
amplitude of uneven subsidence of the foundations of the existing building have been determined.
Each formulation of the problem had to include its own reliability analysis and a specific approach
that requires numerical modeling and development of appropriate measures to scientifically
substantiate engineering preparation measures in dense building. Further design of protective
reinforcement structures for new construction under the conditions of the building reconstruction has
carried out considering the impact on the existing buildings and structures and the adjacent soil mass
of different stages of construction, begining with the arrangement of protective reinforcement
structures, the development of a excavation due to the effect of unloading the foundation, and the
sequence of erection of engineering structures.

Keywords: new construction, scientific substantiation, stress-strain state, reinforcement
structures, engineering preparation.

Introduction. In the process of reconstruction of urban territories by
carrying out new construction in the conditions of dense construction, in
particular, large-scale use of underground space in difficult engineering-
geological conditions, the activation of additional processes in the soil bases of
territories and foundations of existing buildings and structures had been
revealed. Research of the interaction of soil bases with the objects of existing
construction in the process of reconstruction of districts are associated with the
determination of the stress-deformed state and stability of the soil massif, and
the determination of the deformability and strength of the structures of its
strengthening. Estimation of the stress state of the half-space involves

© Prusov D.E.
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comparing the results of the calculation with the maximum permissible
deformations and displacements, ie, possible local areas of loss of stability and
development of plastic deformations, that is, reaching the boundary condition of
the soil bases in the continuous development of shear deformations.

Problems of designing enclosing structures of deep ditches in the
conditions of dense building. Tasks for the study of enclosure constructions
should be solved with the simultaneous combination of such scientific directions
as nonlinear theory of elasticity and plasticity, nonlinear soil mechanics,
structural mechanics of combined structures, engineering geology, calculation of
foundations and foundations of deep formation, also studies of the behavior of
structures of existing buildings and structures under changed conditions.

Development of theoretical bases for the study of large elastic and elastic-
plastic deformations of a continuous medium, mathematical modeling of its
joint work with structures of buildings and structures, the study of the tense state
and the development of calculation methods, the influence of engineering-
geological conditions on the processes of reconstruction, issues of engineering
and engineering a lot of work is devoted to the development of the theory of
reliability, however, the application of any single theory or methodology does
not allow to study all aspects of engineering ovky, the whole complex of factors
influence the reconstruction of existing urban areas typically associated with the
construction of new facilities, insufficiently studied soil deformation processes
in the fundamentals surrounding dense housing structures in complex geological
conditions. All this requires the development and improvement of special
theoretical, constructive and planning decisions on the scientific substantiation
of the reconstruction, the creation and development of effective methods of
mathematical modeling and scientific research of engineering preparation
objects, which most fully take into account the specifics of the interaction of
structures with soil semi-space scientific analysis of the possible volume of
reconstruction, as well as the creation of appropriate concepts for consideration
the impact of new construction in dense building and predicting its
consequences, which generally determine the priorities of modern civil
engineering.

Thus, in order to solve similar problems and scientific and technical
substantiation of urban reconstruction decisions under the above conditions, it is
necessary to combine the mentioned sciences of the construction industry within
the framework of continuous environment mechanics in the general formulation,
that is, considering geometric and physical nonlinearities, states at different
stages of deformation of inhomogeneous materials, interaction of multimodal
materials, solids with a continuous elastic-plastic environment, etc. Therefore,
the complex problem of boundary equilibrium of the soil massif in a flat
formulation with wall-to-soil enclosing structures, structures of reinforcement of
inhomogeneous multilayer soil masses, shallow foundations, pile foundations,
and foundations has been considered.
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Methodology for the condition research of the enclosure structures in
interaction with the soil semi-space. Therefore, to carry out a reliable analysis
of the degree of new construction impact on the state of the foundations of
adjacent existing buildings, it is necessary to solve a complex scientific problem
related to the methods of continuum mechanics in the most general approach.
The solution to this complex problem tasks associated with the development of
a research methodology combined space and the interaction of solid deformable
bodies from the soil mass, based on the laws of the nonlinear theory of elasticity
and plasticity, nonlinear soil mechanics, variational methods, apparatus
connecting nonlinear programming, efficient numerical methods - finite element
method — attached to discretization in space, and finite difference method —
attached to discretization in time [3].

Determination of the stress-strain state of a ditch fence, foundation soil and
structures located near the ditch, is carried out on the basis of solving the
problems of soil mechanics, in which real soil is replaced by a specific model
[7]. To carry out researches the impact on the stress-strain state of the
foundations and foundations of adjacent buildings the methodology for
modeling the interaction of enclosure structures with inhomogeneous soil semi-
space has been developed based on a nonlinear theory of elasticity and
plasticity, advanced mechanical model of soil semi-space stability, considering
the extended fluidity criterion, developed basic relationships of the finite
element method, based on an efficient scheme with geometric and physical
nonlinearity in the formulation of the problem [1, 2].

A flat problem of nonlinear elasticity theory about interaction of a fence
structure with soil space is considered. The formulation of the problem assumes
discrete modeling of substantially inhomogeneous soil layers, as well as the
presence of solid inclusions (which are several orders of magnitude greater than
the stiffness of the soil mass layers), modeling elements of fence structures,
foundation soils, and foundation structures of surrounding buildings, as well as
anchors, which causes the presence of stress concentrations and the
development of plastic deformations at the boundaries of elements inclusions in
the soil in the first limiting state in accordance with nonlinear soil mechanics.
For the calculation of local stability losses in the presence of significant
displacements and continuous development in local zones of plastic deformation
shifts, the problem of flat deformation of an inhomogeneous anisotropic half-
space is considered, taking into account geometric and physical nonlinearity in
the formulation of the problem.

In the initial ratios of the proposed methodology, the equilibrium of a
continuous medium is described by the first principle of virtual work, in the
absence of restrictions on the nature of external influences, ie can be taken into
account both conservative and non-conservative forces, for example, tracing
forces in the conditions of geometric nonlinearity and in the presence in the
presence of unilateral connections:
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J‘(G/ij + Cijkl(e,p))SYijdV—J.pi'ESu;dv —qul&lfds =0, (H
v s

v
where o'/ there are components of the initial stress tensor; /% (e,p) there are
components of the elastic tensor in the elastic-plastic state of the material; 5y
there is a variation in the increment of the Cauchy-Green finite deformation
tensor; p', ¢" there are components of generalized vectors of volume and

surface forces in a global Cartesian coordinate system; du, there are variations

of the vector components of the increments of displacements in the global
coordinate system.

Variational equation (1) is described in increments of displacements, strains

and stresses when the initial state is natural, that is, the stresses are zero, and
describes the equilibrium elementary volume (finite element) of an arbitrary
continuous medium in accordance with the energy methods of the problem
solving approach, regardless of its physical properties, it is adequate to such a
stress state, when a small additional influence can disturb the equilibrium. This
stress state is also characterized by the fact that the shear resistance in the
elementary region (finite element) is determined in the limit state for this type of
soil. This condition relates to the second phase of the boundary states of the soil
with a significant development of shear deformations in the soil massif [§].
In the proposed method of solving the problems of soil mass stability, the
criterion of soil stability or fluidity in a separate homogeneous isotropic
elementary region (finite element) is described in a universal form (in the form
of stress invariants) based on the Mises extended fluidity criterion, which also
includes the Coulomb-Mohr principle, when the intensity of stress is described
by hydrostatic pressure, considering the angle of internal friction (tg@) and soil
adhesion values (c), and taking into account not only the second but also the
third invariant of the tensor-deviator of the stress functions through the Lode-
Nadai invariant:

f(&ﬁﬁ(})),a,(p,c) =%11 (§2)(cos.oc—%sinovsin(pj2 -

2
—{%Il (@)sin(p—«/gc-cosq)} =0;

I (?)

o =Larcsin{—6 — 3 2)
58]

where @,ﬁﬁ(}) ) there are tensors of general (total) stresses, stresses of the

deviatorial part and plastic deformations, respectively; 1, (§2), I (§3) there are
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the first invariants of the square and the cube of the stress tensor; ¢, ¢ there are

angle of internal friction and specific soil adhesion respectively.

Thus, the theory of plastic flow, which is based on the construction of
differential relations between stresses and strains or in the form of increments,
allows to perform modelling the materials elastic-plastic behavior more
accurately. The plasticity phenomenon, which depends on the load history,
needs to calculate the derivatives and increments of plastic deformation over the
entire load history, with subsequent integration of the accumulated stresses. The
surface of plasticity is a surface of fluidity that for hardening materials can
change as the stress state changes. Negative values of the load function
correspond to the elastic region. During unloading the plastic deformation
increment and the Odquist plasticity parameter are zero and the incomplete
differential of the loading function is less than zero. Under neutral loading, the
stress state is on the elasticity border and no change in the plasticity surface
occurs. For numerical researches of the soil massif stability, the variational
equilibrium equations (1) and the load surface equation in the six-dimensional
stress space (2) can be used as the initial ratios in the proposed methodology.

Thus, the proposed theory is a development of the theory of the boundary
stress state of the soil half-space based on the introduction of an extended yield
criterion for a flat problem of nonlinear theory of elasticity and plasticity, which
involves determining the magnitude of the second critical load, in which
continuous stretches of boundary stress state occur in the soil half-space.

The theory developed is based on the ideas of generalizing the dependencies of
soil mechanics and consists in constructing the relations of the stress-strain state of
the computational domain from the positions of the mechanics of the deformed
solid, using algorithms for solving the problems of the theory of elasticity and
plasticity, with the construction of universal computational models of combined
half-space, which makes it possible to more accurately determine the magnitude
of the stress-strain state of complex soil bases, which interact with the enclosure
structures of the fortifications, the foundations of the adjoining buildings and the
whole complex of structures of the surrounding building [4, 5]. Based on these
provisions, a methodology for investigating the interaction of protective protective
structures with soil half-space in the transboundary state has been developed,
considering the geometrical and physical nonlinearities in the problem
formulation, in the implementation of the evolution of complex loading taking
into account the active and passive components of the load and the effect of
unloading the combined half-space, providing a more accurate account of both
elastic and plastic deformations, and allows to determine more reasonably the
magnitude of stress-strain state of soil bases and foundations, constructions of
buildings and structures of surrounding development, which are in interaction with
complex soil bases, that is, it allows to study the processes that occur in soil bases
during the reconstruction of urban territory, which essentially constitute an
assessment of the impact of new construction on adjacent buildings, especially in
difficult engineering-geological conditions.
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Scientific substantiation of measures for engineering preparation of
construction in the conditions of dense building. For the purpose of to
determine the factors of influence on the existing buildings during the
reconstruction of a section of urban territory in the conditions of dense housing
within the framework of scientific and technical support for the design and
construction of an apartment building with built-in office premises and
underground parking has been performed design and calculation researches with
the implementation of numerical calculations of half-space to a depth of 41.0 m
in the central section of the study site with a length of 150.0 m.

Numerical researches have applied the methodology of solving the problem
of nonlinear soil mechanics by the boundary equilibrium of soil arrays when
interacting with the enclosure structures of deep ditches and elements of
foundations of new and existing buildings. The results of the combined half-
space study using a new model of the multilayer soil massif equations state have
been obtained for a specific problem in the variant of the pit enclosing structure
interaction with the ground half-space, and the foundations of the existing
residential five-storeyed building, when the active pressure on the retaining wall
in the soil exceeds the passive pressure of the soil resistance at the base of the
pit under the building being designed.

The purpose of the research is to determine the change in pressure on the
enclosure structure over time and to determine the change in the stress-strain
state of the enclosure structure itself and the basis of the existing dwelling
house. The result of determining the change in the deformation of the
foundation of a 5-storey building is the fluctuation of the soil foundation and the
maximum amplitude of uneven subsidence of the foundations of an existing
building, which is a criterion for determining the influence of adjacent
construction in conditions of dense urban development on the condition of
foundations and foundations of adjacent buildings.
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Fig. 1. The section of the projected multi-storey residential building
and the existing S-storey residential building
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The initial data are determined physical and mechanical characteristics of the
layers of soil half-space according to the data of engineering and geological
surveys, considering correction of soil multilayer half-space properties in depth,
as well as the physical and mechanical characteristics of inclusions in the half-
space of concrete and reinforced concrete elements, among which are piles of
enclosing structures such as solid "wall in soil", grate and solid reinforced
concrete foundation slab of concrete, slabs of foundations of existing buildings
and concrete wall blocks.

The estimated load per 1 sq.m of the grid surface area has been determined,
which is 82.32 kN/m”. The given load on the cutting edge of the foundations of
a five-storey existing residential building is 14.22 kN per 0.5 m of the length of
the outer wall. A discrete model and calculation scheme of interaction of
enclosing structures of the pit, pile foundations of a new residential building and
the foundations of an existing dwelling house with soil half-space have been
constructed.

The initial variation of the motion equation in accordance with energy
methods describes the equilibrium of the elementary volume of an arbitrary
continuous medium, regardless of its physical and mechanical properties. The
proposed methodology implements the applied approach of variational
principles and the theory of boundary stress deformed body, when the resulting
solutions are related to the first distribution of elastic regions into elastic and
non-elastic regions with developed zones of elastic-plastic (soil-shear)
deformations. The original finite element model in the deformation process is
transformed in accordance with the criterion of fluidity (destruction) of the soil
array and is divided into two zones of stress-strain state determination: elastic
and elastic-plastic using a Coulomb— Mohr criterion loading surface
considering the tensor-deviator invariant of the stress function through the
Lode — Nadai invariant [8]. The proposed methodology also uses Mises'
extended modified fluidity criterion, which enables more accurate solutions to
the stability problems of the combined multilayer half-space.

The discrete model and the calculation scheme of the multilayered soil half-
space were constructed taking into account the presence of inclusions of the
structures of the ditches, the foundations of the new building, the existing
structures and cavities.

The grid area of the discrete model S, S,, S5, is regular and placed within
S1=1,M1, §,=1, M2, S; =1, M3. Dimensions values of grid area are equal to:

S =M1=2; 8, =M2=25; S3=M3=104.
Thus, the number of nodes in the grid two-layer area is equal to:
Nyy =MIxM2xM3=2x25x104=5200.
Accordingly, the number of nonlinear equations is the system of:
K =3xNyy =3%x5200 =15600

equations without consideration the imposed boundary conditions.
The grid area describes a discrete finite element model of 24 x 103 = 2472
finite element elements, including cavities with boundaries, which is determined
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by the grid coordinates Si,.S,, initial and final nodes of the regular area -
respectively 1, 63; 2, 64; 1 1, 64; 3, 104. These coordinates are determined the
permanent cavity for both variants of the calculation scheme.

The transformed cavity, which models the pit development of the building
underground part, in the discrete model is determined by the corresponding
nodal grid coordinates; within the regular domain boundary nodes of inclusions
of soil layers of multilayered half-space are described, as well as the inclusions
elements of the enclosures "walls in soil" and foundation structures.

The geometric dimensions of the estimated half-space are 41x150 m, the
thickness of the half-space is equal 50 cm.
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Fig. 2. Discrete model and calculation scheme of half-space:
influence on the stress-strain state of half-space from a 5-storey building with a free pit

Results of numerical research of a discrete model of combined half-
space.

The accepted calculation variant of interaction the fencing structures and the
existing building foundations with soil half-space at a free pit is a classic for
solving this problematic task, and, as a rule, the most dangerous in terms of the
stability of the pit slope. But in this version of the problem statement, this option
was quite safe, because the pit depth is due to the difference planning mark on
2,5m is only 4,5m and the active pressure from such a slope prism was
insignificant.

The calculation is implemented at three values of the depth of the "wall in
the soil" — 17.2 m, 12.6 m i 10.3 m. Based on these results, the corresponding
appropriate plots of, settlements, and internal efforts in the wall-in-soil structure
elements have been constructed, that are shown on Fig. 3, 4, 5.
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Fig. 3. Plot of nodal displacements (vertical sediments) placed on the sole of the foundation from
additional external loads under different conditions:
1 variant — before developing of the pit; 2 variant — after development of the pit to the mark of
the free bottom (before arranging the pile foundation under a new tall building)
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Fig. 4. Plot of transverse deflections Fig. 5. Plot of bending moments
"wall-in-soil" in cross section "wall-in-soil"

According the character graphics displacements of the free pit bottom there
soil bulging, but insignificant — in the center of the pit

U12165 = —10,15 cm.

At the width of the pit 81.23 m such output is negligible. According to the
plot of vertical movements of the sole of the foundation of the existing 5-storey
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building it can be seen that the average uneven subsidence in the half-span of
the foundation length is:
4,56
2200
that is less than the standard non-uniform clockwise rotation, how the sliding
prism moves under active pressure.

The stress-strain state of the wall-in-soil structure is illustrated by a plot of
transverse deflections (Fig. 4) and plot of bending moments in cross section
"wall-in-soil" (Fig. 5).

From the analysis of the nodes displacements located on the vertical face of
the wall-in-soil (retaining wall) construction, it can be concluded, that the
transverse displacements of the retaining wall occur as a significant whole by
rotating it substantially as a whole clockwise. In such a turn, the internal forces
are insignificant within 50% margin of safety of the retaining wall strength.

= 0,0021 < 0,0024 »

Conclusions and recommendations

The task of pressure changing on the enclosure structure in time and
determining the change in the stress-strain state of the enclosure structure and
the existing dwelling house basis has been solved.

The change in the 5-storey building foundation deformation has been
determined, that is, the oscillation of the soil foundation and the maximum
amplitude of uneven subsidence of the existing building foundations, that is a
criterion for the influence determining of adjacent construction in an urban area
on the soil bases condition and foundations of adjacent buildings.

Results of scientific researches have shown that according to the results of
numerical calculations it is enough to design a protective screen of enclosing
structures to a depth of 10-12 m, but according to the results of the second
variant, in the presence of fluctuations of active and passive pressure on the
enclosure "wall in soil" it is necessary to design the screen to a depth of 17.0 m,
with the maximum amplitude of non-uniform sediments almost approaching the
limit relative normative value.

The impact of the new building on the existing nearby five-story apartment
building was significant enough. There is a change in pressure on the protective
enclosure, which causes the maximum permissible subsidence of the
foundations bottom and the heeling change.

The amount of sedimentation will not cause the development of cracks, but a
protective screen — the enclosure structure in conjunction with this building
should be arranged at a depth of at least 17.0 m, and a diameter of at least
600 mm, with appropriate seams of settlement.

The recommendations made can be taken into account when making design
decisions considering the possible dangers from the impact of new multi-storey
building for scientific substantiation of the necessary measures of engineering
preparation of new construction [6]. In the future proposed methodology of
scientific substantiation of measures for engineering preparation of territories
and forecasting of their possible consequences, on the basis of the analysis of
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numerical studies of the stress state and the assessment of the stability of the real
objects basics by generalized design parameters, will allow to build principles of
reconstruction of urban territories with dense development and difficult
geological conditions and provide appropriate guidance to determine the impact
of the reconstruction and the extent of the necessary engineering preparation to
protect the site and preserve existing construction.
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Prusov D.E.
SCIENTIFIC SUBSTANTIATION OF ENGINEERING PREPARATION MEASURES DUE
TO THE INFLUENCE OF CONSTRUCTION IN THE DENSE BUILDING CONDITIONS
The method of studying the stress-strain state of reinforcement structures of combined soil
massifs has been proposed with the geometric and physical nonlinearity in the formulation of the
problem based on the nonlinear theory of elasticity and plasticity of the soil. The study of the stress-
deformed state of the computational domain from the standpoint of the mechanics of the deformed
solid body had been carried out, using algorithms for solving the problems of the theory of elasticity
and plasticity, with the construction of universal computational models of the combined half-space,
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that allows to determine more reasonably the magnitude of the stress-strain state of complex soil
bases in interaction with the reinforcement structures, the surrounding buildings foundations and the
whole complex of the surrounding buildings structures. The influence of new construction on the
condition of soil bases and foundations of adjacent buildings had been evaluated by determining the
change of pressure on the reinforcement structure and determining the stress-strain state change of
this structure and the foundation of the existing house. The change in the deformation of the
foundation of the existing building, ie the oscillation of the soil foundation and the maximum
amplitude of uneven subsidence of the foundations of the existing building have been determined.
Each formulation of the problem had to include its own reliability analysis and a specific approach
that requires numerical modeling and development of appropriate measures to scientifically
substantiate engineering preparation measures in dense building. Further design of protective
reinforcement structures for new construction under the conditions of the building reconstruction has
carried out considering the impact on the existing buildings and structures and the adjacent soil mass
of different stages of construction, begining with the arrangement of protective reinforcement
structures, the development of a excavation due to the effect of unloading the foundation, and the
sequence of erection of engineering structures.

Keywords: new construction, scientific substantiation, stress-strain state, reinforcement
structures, engineering preparation.

IIpycos JI.E.
HAYKOBE OBIPYHTYBAHHS 3AXO/IIB 3 IH)KEHEPHOI MIATOTOBKH 3
VYPAXYBAHHSIM BILIUBY BYJAIBHUIITBA B YMOBAX IIIJIbHOI 3ABYJIOBH

3anpornoHOBaHa METOAMKA JMOCHIDKEHHS HAMpPyXKEeHO-1e(OPMOBAHOIO CTaHy KOHCTPYKLIi
YKpIiIUIeHb IPYHTOBHX MACHBIB 3 ypaxXyBaHHIM I'€OMETPUYHOI i (pi3nuHOI HEeNiHIHHOCTI B TOCTAHOBLI
3aj1a4i Ha OCHOBI HEJIHIHHOI TEOpii MPYXXHOCTI 1 MIACTUYHOCTI I'PyHTIB. BHKOHaHO IOCHiKEHHS
HaIpy>KeHO-1e()OPMOBAHOTO CTaHY PO3PAaXyHKOBOI 00JacTi 3 MO3MLIH MeXaHIKH Ieh)OpPMOBAHOrO
TBEPJOro TiJa, i3 3aCTOCYBaHHIM aIrOPUTMIB PO3B'S3aHHS 3a/a4 TEOPil MPYXKHOCTI 1 MIACTHYHOCTI,
3 MOOYAOBOIO YHIBEPCATIbHUX PO3PAXYHKOBHX MOZENICH KOMOIHOBAHOIO MIBIPOCTOPY, L0 JO3BOJISIE
OigpIl  OOIPYHTOBAaHO BH3HAYATH BEJIMYMHY HAMpPYKEHO-1e(OPMOBAHOIO CTaHY CKIAJHHX
IPYHTOBHX OCHOB, 5IKi IIepe0yBalOTh y B3a€MOJIi 3 OrOPOMKYBATBHUMU KOHCTPYKLISIMU YKPIIUICHb,
(dyHOaMEHTIB Npuieraux OyAWHKIB 1 BChOTO KOMIUIEKCY CHODPYZA HABKOJNHMIIHBOI 3a0ymoBH.
IIpoBeneHo OLIHKY BIUIMBY HOBOI'O OYIiBHMIITBA HAa CTAH OCHOB i PyHIAMEHTIB CyMDKHUX OyaiBesb
LIUSIXOM BH3HAYEHHS 3MiHHM THCKIB Ha OrOpPODKYBaJbHY KOHCTPYKIIIO Y 4aci Ta BU3HAYCHHI 3MiHa
HaIpy>KeHO-1e()OPMOBAHOTO CTaHy C€aMoOi OrOpPOPKYBAIbHOI KOHCTPYKLII i OCHOBH iCHYIOYOro
KUTIO0BOro OyamHKy. Bu3nadeHa 3miHa neOpMyBaHHS OCHOBHM iCHYIOYOro OyAHMHKY, TOOTO
KOJIHBAHHS IPYHTOBOT OCHOBH Ta MaKCHMaJbHa aMIUTITya HEPIBHOMIPHOro ocifaHHs (HyHIaMEHTIB
icHyto4oi Oyaisii. KoxkHa mocTaHOBKa 3a/1adi OBUHHA BKJIIOYATH BJIACHUI aHAaJi3 HA JJOCTOBIPHICTh
i 0coONMBHMH TWiIXii, SKWI BHMarae IPOBEACHHS YHCEIBHONO MOJCIIOBAHHS Ta PO3POOKH
BIAMOBIZIHUX 3aXOMiB I HAyKOBOrO OOIPYHTYBaHHsS 3aXOAiB 3 1HXKCHEPHOI IIiArOTOBKU
OyniBHHLTBA B YMOBaX IiIbHOI 3a0ynoBu. Ilomanbiiie MPOEKTyBaHHs 3aXUCHUX OrOPOKYBAIbHUX
KOHCTPYKUIif mig HOBe OymIiBHHLTBO B YMOBAaX pPEKOHCTPYKLil 3a0yZOBH IPOBOAMTHCS 3
ypaxyBaHHsM BIUIMBY Ha icHyto4i OyaiBii Ta COpyM i IPHIIETIIMH IPYHTOBOI MAacUB Pi3HUX €TaIliB
OyIiBHHLTBA, MOYMHAIOYM 3 YJAIUTYBAHHS 3aXHCHHX OrOPOKYBAaJbHHX KOHCTDPYKLIH, PO3poOKH
KOTJIOBaHY 3 YypaxyBaHHSAM €(EeKTy PpO3BAaHTaXEHHS OCHOBH, Ta TIOCIIJOBHOCTI 3BEICHHS
IH)KCHEPHHUX KOHCTPYKILiM.

KurouoBi cioBa: HOBe OymiBHHLTBO, HayKOBE OOIPYHTYBaHHS, HANpyKeHO-ZehOpMOBAHHI
CTaH, KOHCTPYKIIi{ YKpIIICHHs, iH)KEHepHa MiArOTOBKA.
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An efficiency of using of two stiffness rings for improvement of operating reliability of the tank
with real shape imperfection at the action of combination load was evaluated. The computer model
of the tank was constructed in the form of the thin cylindrical shell by of the program complex of
finite element analysis. The tank stability problem under separate and joint action of surface
pressure and axial compression was solved by the Lancosh method in linear formulation and as a
nonlinear static problem by the Newton-Raphson method. The region of the tank failure-free work,
which has the graphical presentation, confirmed the improvement of the tank wall stability due to
the use of stiffness rings, especially in the area of surface pressure action.

Keywords: finite element method, operating reliability, stability, tank, failure-free region, thin-
walled shell, shape imperfection, combined load, stiffness ring.

Introduction. Many works were aimed at investigating the thin-walled shell
[1-15], their stability reliability [1, 2, 8], especially the influence of initial
imperfections. One of the approaches is V.T. Coiter’s one [6], which proposed
an asymptotic analysis based on the general theory of supercritical behavior.
Another approach consists in a direct analysis of the nonlinear deformation of a
shell with a curved shape of the middle surface based on one of the grid
methods of discretization of the resolving equations. In present time the
apparatus of nonlinear differential equations are used for full description of the
general laws of the stress-strain state of shells with shape imperfections. The
mathematical methods, which are realized in the program complexes, are used
for solving the shells stability problem and make it possible to investigate
complicated nonlinear systems with multivariant parameters.

In this article the numerical technique for studying the stability of the oil
tank under combined load with application of the program complex of finite
element analysis NASTRAN is presented [7, 10, 12]. The presence of shape
imperfections of the tank wall significantly reduced its stability. Therefore the
strengthening of the wall with the stiffness rings to improve the operating
reliability of the imperfect tank is proposed in this article. The tank stability
problem is solved by the Lancosh method in linear formulation and as a
nonlinear static problem by the Newton-Raphson method. The influence of
stiffness rings on the critical values of the combined load and the stress-strain
state of the tank at different loading steps are investigated. The region of the
tank failure-free work is presented.

© Lukianchenko O.0.
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1. Finite element model of the tank with real shape imperfection. The oil

tank is a cylindrical shell with a
radius of R =19,963 m, height
H=17,88 m. The shell
thickness is variable in height
every 1,49 m and is: 15,24,
14,22; 13,0; 11,56; 10,43; 9,46;
8,60; 7,70; 7,53; 7,40; 7,46;
7,16 (mm). The wall of the tank
is made of steel with mechanical
characteristics: £ =2,06:10"" Pa,
1n=0,3, p=7800kg/m’. The

stiffness ring shows a folded

(2) (b)

Fig. 1. Finite element model of an imperfect tank:

(a) side view; (b) top view

cross section in the form of the brand 100x300x8 mm. The rings are made of

steel with the same mechanical characteristics.

The tank calculation model is constructed in a finite element program complex

[10] in a cylindrical coordinate system. The
shape imperfections in the reservoir wall as a
result of the theodolite measurements were
obtained. The shell wall model with
imperfect geometry is represented as a
triangular finite element grid. To visualize the
real imperfections on a certain scale a special
program has been created. Fig. 1 (a), (b)
shows the finite element model of the tank in
different planes in a 1:20 scale.

The simulation of the combined load is
carried out in accordance with a numerical
technique [8, 12], which requires solving
stability problems of the tank under surface
pressure and axial compression separately for
each load.

2. The tank stability under surface
pressure. First, the stability problem of the
perfect tank without and taking into account
the stiffness rings under surface pressure in
linear formulation is considered. To
determine the critical value of surface
pressure, a linear stability loss problem
(Buckling) is solved by Lancosh method.
Fig. 2 presents the first buckling form of the
perfect shell without and with stiffness
rings.

The critical surface pressure value is

L.

(b)

Fig. 2. The first buckling form of the
perfect tank under surface pressure:
(a) without stiffness rings;

(b) with stiffness rings
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qg, =1179,61 N/m” for the unsupported perfect shell and qg, = 4226,44 N/m* —
for the perfect shell with two stiffness rings. The stiffness rings increased the
critical surface pressure by 3,58 times and changed the shell buckling form:
increasing the number of waves both in the circumferential and longitudinal
directions.

The stability of the imperfect tank with stiffness rings under surface pressure
in non-linear formulation is considered. The procedure of solving the non-linear
static problem (Nonlinear Static) by the modified Newton-Raphson method is

applied. Surface pressure is supplied in the form g = qu,, where f— loading

coefficient, qg, = 4226,44 N/m’. Fig. 3 shows the loading curves of the shell

surface pressure for two nodes, in which maximum displacements (m) were
observed at different loading stages.
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Fig. 3. Loading curves of the imperfect tank with stiffness rings by surface pressure

The imperfect tank with stiffness rings in the postcritical state lost of the
stability at the critical loading coefficient B =0,684. The critical (limited) value

of the surface pressure is qi.';’p =4226,44 - 0,684=2890,88 N/m’. The stress-strain

states of an imperfect tank at the different loading stages are shown in Fig. 4.
The maximum equivalent stresses in the wall elements from the outside of
the imperfect shell (Plate Top VonMises Stress) under surface pressure

q =10,05;0,45;0,744,0,684] qS, are o =[0,685;6,531;40,894;65,658] MPa, which
are lower than the design resistance of steel R, =240 MPa.

3. The tank stability under axial compression. The tank calculation
models as a shell and a shell sector are constructed in a finite element program
complex [10] in a cylindrical coordinate system. First, the stability problem of
the perfect tank without and with stiffness rings under axial compression in
linear formulation (Bucling) is solved by Lancosh method. The first buckling
forms of the perfect shell sector without and with stiffness rings are shown in
Fig. 5.
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(2b) (2¢) (2d)
Fig. 4. The stress states (1) and deformated forms (2) of the imperfect tank with stiffness rings
under surface pressure: (a) 0,035¢", 5 (b)0,45¢", ; (c)0,744¢". ; (d)0,684¢",
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Fig. 5. The first buckling forms of the perfect tank sector under axial compression:
(a) - without stiffness rings; (b) with stiffness rings

The critical value of axial compression is PL? =384957,1 N/m for the

unsupported perfect shell and PL? =389612,8 N/m — for the perfect shell with

two stiffness rings. The stiffness rings increased the critical axial compression
on 1,2 %.
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The stability of the imperfect shell with stiffness rings under axial
compression in non-linear formulation (Nonlinear Static) is considered using the
modified Newton-Raphson method. Axial compression is supplied in the form

P= [333, where f — loading coefficient, Pﬁ = 389612,8 N/m. Fig. 6 presents

the loading curves of axial compression for three tank nodes, in which
maximum displacements (m) were observed at different loading stages.
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Fig. 6. Loading curves of the imperfect tank with stiffness rings by axial compression

Imperfect tank with stiffness rings in the postcritical state lost of the stability
at the critical loading coefficient f..=0,386. The critical (limited) axial

compression value is P;mp =389612,8 - 0,386=150390,54 N/m. Fig. 7 shows the

stress-strain states of an imperfect tank at the different stages of axial
compression loading.

(1)

(2a) (2b) 20) 2d)
Fig. 7. The stress states (1) and deformated forms (2) of the imperfect tank with stiffness rings
under axial compression: (a) 0,05¢", ; (b)0,35g". ; () 0,426¢", ; (d)0,386¢".
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The maximum equivalent stresses on the outside of the shell (Plate Top
VonMises Stress) at different loading stages by axial compression

P =10,05;0,35;0,426;0,386] pjﬁ are o =1[3,144;22,384;151,647;139,736] MPa and
less than the design resistance of steel R, =240 MPa.

4. The tank stability under combined load. The first step of the research is
determining of the critical combination of axial compression and surface
pressure which act on the perfect tank without and with the stiffness rings. The
perfect tank stability problem in a linear formulation is solved by Lancosh
method. The critical combinations of axial compression and surface pressure are
determined by the formulas:

S ~ 50~ 0 o 0 0
[Pcr;qcrj| = |:H aPcr;M(l - OL) qcr] > [Pcr;qcr] = |:H oF,su(- OL)qcrj| >
where ch =384957,1 N/m, qg, =4226,44N/m° — the critical values,

respectively, of axial compression and surface pressure at their separate action
on the perfect tank as defined above; o — a dimensionless combination factor
with values from 0 to 1 in 0,1.

Tables 1 and Table 2 present the combined load values for the various axial

compression and surface pressure combinations [ocPCg; (1-a) qgr} the critical
combined load coefficients for the perfect shell without i and taking into

account u the stiffness rings and the corresponding values of critical combined

5* 0, * 0 * 0. * 0
load [PLV /Pcr;qcr /qcr]’ [PCV/PCV;qcr /qcrj|'

Table 1

Critical combined load values for perfect shell without stiffness rings

0 . _ 0 B ~k . ~% - B
o | [oF: a-ood i [ Fivsdr (B BDsder /90 |
[N/m; N/m?] [N/m; N/m?]
0 [0; 4226,44] 0,279 [0; 1179,18] [0; 0,279]

0,1 | [38961,28; 3803,80] [0,30429] [9848,07; 1265,76]
0,2 | [77922,56; 3381,15] [0,33439| [27354,56; 1186,95]
0,3 |[116883,84; 2958,58] [0,37098] [46389,55; 1174,19] 0,11907; 0,27782]
0,4 |[155845,12; 2535,86] [0,41634) [70506,03; 1147,25] 0,18096; 0,27145]

[0,02528; 0,29949]
[
[
[
0,5 | [194806,4; 2113,22] [0,47391{ [101386,2; 1099,82] |  [0,26022; 0,26022]
[
[
[
[

0,07021; 0,28084]

L
[
L
L

0,6 | [233767,68; 1690,5] [0,54899| [127346,4; 920,95] 0,32685; 0,21790]
0,7 [[272728,96; 1267,931|0,64997] [181138,2; 842,12] 0,46492; 0,19925]
0,8 | [311690,24; 845,297 0,78943| [257255,7; 697,67 0,66029; 0,16507]
0,9 | [350651,52; 422,64] [0,97323] [373700,1; 450,42] 0,95916; 0,10657]
1 [389612,8; 0] 0,988 |  [384937.4; 0] [0,988:0 ]

L
[
L
L
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Table 2
Critical combined load values for perfect shell with stiffness rings

aP..; 11— : "
o | lofmd=edg] | | U] et et /gl
[N/m; N/m’] [N/m; N/m?]
0 [0; 4226,44] I [0; 4226,44] [0; 1]

0,1 |[38961,28; 3803,80] [0,83067
0,2 | [77922,56; 3381,15] |1,04982
0,3 |[116883,84; 2958,58](1,06983

32364,08; 3159,71]
81804,35; 3549,59]
125045,96;3165,10] 0,32095; 0,74888]
0,4 |[155845,12; 2535,86](1,08664[169347,23;2755,57] 0,43466; 0,65198]

[0,08307; 0,74761]

[

[

[

0,5 | [194806,4; 2113,22] |1,098201[213935,61;2320,73]|  [0,54910; 0,54910]
[

[

[

[

0,20996; 0,83985]

— |

— | |

0,6 | [233767,68; 1690,5] [0,99229([231964.,86;1677,54] 0,59537; 0,39692]
0,7 |[272728,96; 1267,93]1,02185| [278687; 1295,63] 0,71529; 0,30655]
0,8 | [311690,24; 845,29] |1,04551( [325875,26; 883,76] 0,83641; 0,20910]

0,9 | [350651,52; 422,64] [1,09505{[383979,19; 462,81] 0,98554; 0,10950]
1 [389612,8; 0] 1 [389612,8; 0] [1; 0]

In the case of considering the tank with the stiffness rings (Table 2) at the
action of combined load with a = [0,1; 0,6; 0,7] the critical load coefficients p
were defined for the shell sector. If we compare the critical combined load
coefficients for the shell without stiffness rings (Table 1) and taking them into
account (Table 2), we see that using of stiffness rings increases the overall
stability of the tank with ideal wall shape. Fig. 8 shows the buckling forms of
the perfect tank with stiffness rings at the different combination factor.

Let's consider the shell stability, taking into account the stiffness rings and
imperfections of wall shape. The stability problem in non-linear formulation
(Nonlinear Static) is considered using the modified Newton-Raphson method.
The critical combined load coefficient B, are determined for the load with a

combination factor values o = [0; 0,3;0,5;0,8; 1] . The critical combinations of
axial compression and surface pressure in the action on the imperfect tank with
stiffness rings are determined by the formula: [ PP gqin? J Bcr|: Cr,qch and

are presented in Table 3 (the values [P:,;qZVJ are shown in Table 2).
As an example, the behavior of the imperfect shell with stiffness rings under
combinated load with a combination factor a = 0,3 is showed. Fig. 9 presents a

loading curves for two model nodes with maximum displacements at different
stages loading. A dimensionless loading coefficient 3 is deposited along the

abscissa axis and maximum nodal displacements (m) along the ordinate axis.
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Fig. 8. Buckling form of the perfect tank with stiffness rings under combained load:
(a) o =0,1; (b) a =0,5; (c) a=0,7
Table 3
Critical combined load values for imperfect shell with stiffness rings
Lk imp . imp . .
o | rder ] fp 0 FTiaa” 1o T g0l gf, ]
[N/m; /m?] [N/m; N/m"]
0 [0; 4226,44] 0,684 [0; 2890,88] [0; 0,684]
0,3 [[125045,96; 3165,10] 0,559 [[69900,69; 1769,29] [0,17941; 0,41862]
0,5 [[213935,61; 2320,73] 0,43 | [91992,31; 997,91] [0,23611; 0,23611]
0,8 1[325875,26; 883,76]| 0,3 | [97762,58; 265,13] [0,25092; 0,06273]
1 [389612,8; 0] 0,386 [150390,54; 0] [0,386; 0]

The imperfect tank with stiffness rings in the postcritical state under
combined load with a combination factor o =0,3 lost of the stability at

B =0,559. The critical (limited) combined load values are presented in Table 3.

Fig. 10 shows the corresponding stress-strain states of the imperfect tank at the
different stages of combined loading.



250 ISSN 2410-2547
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2020. Ne 104

The values of the maximum equivalent stresses and maximum nodal
displacements for all values of the combination factor a are given in Table 4.
All values of the maximum equivalent stresses in the shell wall elements are less
than the design resistance of steel R, =240 MPa.
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Fig. 9. Loading curves of the imperfect tank with stiffness rings by combined load (a. = 0, 3)
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Fig. 10. The stress states (1) and deformated forms (2) of the imperfect tank with stiffness rings
under combined load (o = 0,3): (a)p = 0,05 ; (b)B =0,55; (c)B = 0,592 ; (d) B = 0,559
Table 4
a [ P;':np ; qZ’jp Maximum equivalent Maximum nodal
. 2 stresses, MIla displacements, m
[N/m; N/m?] P
0 [0; 2890,88] 65,658 0,0337
0,3 [69900,69; 1769,29] 68,834 0,0362
0,5 [91992,31; 997,91] 102,019 0,0464
0,8 [97762,58; 265,13] 112,706 0,0492
1 [150390,54; 0] 151,644 0,0659
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5. The influent of the stiffness rings on the operating reliability of the
tank with real wall imperfections.

The theory of constructure reliability has one of the basic concepts as a
concept of failure [1, 2, 8]. The failure of the shell in stability is considered,
because this type of failure for thin-walled shell structures is more dangerous.

In our case, the operating reliability of the imperfect tank R is defined as

probability of the shell reaction vector S(t) in the stability region QP during
the time interval [0<7 <t]: R =P, =Prob [S(r) e QM J The probability of

failure is an addition to the reliability function: Pg,; (1) =1-F,. .

An addition the operating reliability of the imperfect tank can be estimated
by constructing the region of the design combined load and the stability regions
of the perfect tank without and with two stiffness rings.

The design combined load from wind pressure, snow and the weight of the
shell coating spacer ring is determined according to DBN B.1.2-2-2006 "Loads
and Impacts" [54]. Its value is [P,;q,.]=[16601,25 N/m; 532 N/m?]. If we take
into account consider the critical values of surface pressure and axial
compression, which separately acting on the perfect tank with the stiffness rings

ch =384957,1 N/m and qg, =4226,44 N/m’, then the design combined load
value is [P,;q, ] =[0,0415; 0,126].

The stability regions of the perfect tank without éo and with stiffness
rings €}, under combined load are shown in Fig. 11(a). Fig. 11(b) presents the

stability regions of the imperfect tank with stiffness rings Q™ and the design
combined load as an area 1.

5 5
i I
1 1 «
" N
08 \ \ 08 \\
06 \ 0,6 AS
Y
04 T— 04
[e) \ (2} (o) S
02 = 0.2 : e
: l 1 oo \ﬂ
8 0
0 02 04 06 08 1 Q! 4% 0 02 04 06 08 1 G/
(a) (b)

Fig. 11. The stability regions: (a) the perfect tank without flo and with stiffness rings Q, ;

(b) the imperfect tank with stiffness rings Q" and the design combined load €,

Design reliability of success work of shell for limit states is P,,. =99,9 %

[1]. Let's consider the reaction vectors S(t) of the perfect tank without and with
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the stiffness rings during time interval|[ 0 < t < t]. They located in the according
stability regions QO and Q, in Fig. 11(a). The stability region of perfect tank
with stiffness rings QO , which is bigger than stability region QO on 65,3%. It

means, the addition of the stiffness rings into the construction raise the tank
general stability, especially, in an area of surface pressure. We see in Fig. 11(b)
the imperfects of tank wall reduced stability region of perfect tank with the

stiffness rings QO on 66,6%. The stiffness rings secure an operating reliability

in general stability of the imperfect tank: P = 99,9+65,3-66,6=98,6%.

suc
However, the stability reserve factor in the area of axial compression is less than
the same one in the area of surface pressure.

Conclusion. Operating reliability, which was presented as a failure-free in
stability of the oil tank with shape imperfections under combined action of axial
compression and surface pressure, was investigated. The efficiency of the use of
two stiffness rings for improving of the tank stability was confirmed. The
developed numerical technique with application of the program complex of
finite element analysis NASTRAN was effective. The critical combined load
values at the solving of the tank stability problem in nonlinear formulation by
Newton-Raphson method were more accurate than the values, which were got
by Lancosh method. The graphically presentation of the tank stability regions
comfirmed the improvement of the tank wall stability as result of application of
the stiffness rings, especially in the area of surface pressure action.
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Lukianchenko O.O.
APPLICATION OF STIFFNESS RINGS FOR IMPROVEMENT OF OPERATING
RELIABILITY OF THE TANK WITH SHAPE IMPERFECTION

Strengthening of the tank thin wall taking into account real shape imperfections at the joint
action of axial compression and surface pressure was offered with the stiffness rings. An efficiency
of the use of two stiffness rings for improvement of operating reliability in the tank stability was
evaluated. The numerical technique for studying the stability of thin imperfect shells with
application of the program complex of finite element analysis procedures was presented. The
computer model of the tank with wall real imperfections were constructed in the form of a thin
cylindrical shell using spline-curves in a cylindrical coordinate system.The tank stability problem
under separate and joint action of surface pressure and axial compression was solved by the Lancosh
method in linear formulation and as a nonlinear static problem by the Newton-Raphson method.
Precritical and postcritical behavior of the shell was considered. The influence of stiffness rings on
the critical values of the combined load and the stress-strain state of the tank at different loading
steps were investigated. The region of the tank failure-free work, which has the graphical
presentation, confirmed the improvement of the tank wall stability due to the use of stiffness rings,
especially in the area of surface pressure action.

Keywords: finite element method, operating reliability, stability, tank, failure-free region, thin-
walled shell, shape imperfection, combined load, stiffness ring.

Jlyk sinuenxo O.0.
3ACTOCYBAHHJ KUIEIb ) KOPCTKOCTI AJI51 IOKPAIIIEHHS
EKCILTY ATAIIMHOT HAJIMHOCTI PE3EPBYAPA 3 HETOCKOHAJIOCTSMHU
POPMU

3Mil[HeHHsI TOHKOI CTIHKH pe3epByapa 3 peajbHOK HEIOCKOHATICTIO GopMu NpH CyMicHii ail
OCbOBOTO CTHCHEHHsI Ta IMOBEPXHEBOIO THCKY 3alPOIIOHOBaHA KiIbLAMH jxopcTkocti. OriHeHa
e eKTUBHICTD BHKOPHCTAaHHS [BOX KUICLb JKOPCTKOCTI JUI1 MiABHIICHHS eKCIUTyaTalliiHol
HaJiiiHOCTI pe3epByapa. IlpeacraBiieHa 4YKcelbHA METOMMKA MOCII/DKEHHS CTIMKOCTI TOHKHX
HEJOCKOHAIMX OOOJOHOK i3 3aCTOCYBAaHHSM IPOLEAYp IPOrpaMHOr0 KOMIUIEKCY CKiHYCHHO-
eneMeHTHOro anamizy. Kommn''orepna Moness pesepByapa 3 peasibHUMH HEIOCKOHAJIOCTAMH CTIHKH
no0yJ0BaHa y BHIJIAI TOHKOI LMIIHAPUYHOI OOOJOHKHM 13 3aCTOCYBaHHS CIUIAWH-KPUBHUX B
LWIIHAPHYHIA cHcTeMi KoopAamHAT. 3ajaya CTIMKOCTI pe3epByapa IpH OKpeMid Ta cyMmicHiM mii
MOBEPXHEBOI'0 THCKY Ta OCHOBOIO CTHCHEHHs JOCIiKyBajgach MeronoM JlaHioma B JiHIAHIN
IIOCTAaHOBLI Ta sIK HeJNiHii{Ha 3a1ada cratiku MeTogoM HetoTona-Padcona. Posrisnyta nokputnina
Ta 3aKPUTHYHA [OBEAIHKA 000I0HKH. JIOCTIIKEHO BIUIMB KiJIelb )KOPCTKOCTI HA KPUTHYHI 3HAYCHHSI
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KOMOIHOBaHOTr0 HABAaHTAXKCHHs Ta HANpPyXKeHO-Ie(OPMOBAHUII CTaH pe3epByapa Ha Pi3HHX KPOKax
HaBaHTaXeHHs. OOnacTh Ge3BIIMOBHOI poOOTH pe3epByapa, sike Mae rpadivyHe MpeCTaBICHHS,
HIATBEPIMIO IIABUIIECHHS CTIKOCTI CTIHKHM pe3epByapa BHACHIIOK 3aCTOCYBAaHHS Kilelb
JKOPCTKOCTI, 0COOJIMBO, B 00JIaCTi /1ii TOBEPXHEBOI'O THCKY.

KarouoBi ciioBa: Meroj CKIHYCHHHX €JIGMEHTIB, HaIilHICTh eKCIulyaTalii, CTiHKiCTb,
pe3epByap, obnactb 6e3BiIMOBHOI POOOTH, TOHKOCTIHHA OOOJIOHKA, HEIOCKOHATICTh (HOpMH,
KOMOIHOBaHE HABAHTAXKCHHSI, KIJIBL[E )KOPCTKOCTI.

UDC 539.3

Lukianchenko O.O. Application of stiffness rings for improvement of operating reliability of the
tank with shape imperfection // Strength of Materials and Theory of Structures: Scientific-and-
technical collected articles. — K.: KNUBA, 2020. — Issue 104. — P. 242-254.

An efficiency of using of two stiffiess rings for improvement of operating reliability of the tank
with real shape imperfection at the action of combination load was evaluated. The computer model
of the tank was constructed in the form of the thin cylindrical shell by of the program complex of
finite element analysis. The tank stability problem under separate and joint action of surface
pressure and axial compression was solved by the Lancosh method in linear formulation and as a
nonlinear static problem by the Newton-Raphson method. The region of the tank failure-free work,
which has the graphical presentation, confirmed the improvement of the tank wall stability due to
the use of stiffness rings, especially in the area of surface pressure action.
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Oyinena epexmusnicmb  BUKOPUCMAHHA 080X Kileyb JHCOPCMKOCMI OAsl  NIOBUUWEHHS
eKCnIyamayiiHoi HAOIlHOCMI  pe3epsyapa 3 pPeaibHOl HeOOCKOHANCmIo (opmu npu  Oii
Kombinosanoeo nasanmadicenns. Komn'tomepna mooenv pesepsyapa nobyodosana y euensioi moHkoi
YUniHOpuuHOi 0OOIOHKU 3a OONOMO20I0 NPOSPAMHO2O KOMNIEKCY CKIHYEHHO-CNEMEHMHO20 AHATI3Y.
3adaua cmitikocmi pesepsyapa npu oxkpemiti ma CyMICHIl Oii NOBEPXHEB020 MUCKY MA 0CbOBO2O
cmuchenns gupiuena memooom Jlanyowa 6 AHIUHIT NOCMAHOBYI | K HeNIHIIHA 3a0a4d CMamuKu
memoodom Hviomona-Paghcona. Obnacme 6e38i0M06HOI pobomu pesepsyapa, ska mae 2pagpivne
npedcmaegnenns, niomeepouna nioSUWjenHsi CMIUKOCmi CMiHKU — pe3epeyapa 3d  PaxyHOK
BUKOPUCMAHHSL KINeYb JHCOPCMKOCI, 0C0OIUB0, 6 001acmi Oli NOBEPXHEB020 MUCKY.

Tab6n. 4. In. 11. Bi6miorp. 15 Ha3s.
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The initial relations of thermo elastic-plastic deformation of prismatic bodies are given in the
paper. The basic concepts, indifference of deformation tensors, with the condition of energy
conjunction in description of the shaping process are laid out on the basis of classical works.

Keywords: prismatic bodies, physical and geometric nonlinearity, thermo elasticplastic
deformation, shaping process, Finger measure, Aldroid derivative.

Introduction. A number of responsible structures elements, which are
prismatic bodies, are undergoing a significant shaping in the process of
manufacturing and operation, which often take place at high temperatures,
which leads to changes in the physical and mechanical characteristics of the
material and the development of various types of deformations. Due to the
possibility of simultaneous occurrence of plasticity and creep deformations
caused both of the presence of force load and external temperature influences,
determining the bearing capacity of these objects requires the solution of the
problems of thermo elastoplasticity. The solution authenticity of such problems
of the deformable body mechanics depends essentially on the adequacy of the
physical relations used to the considered processes of the material deformation,
in particular taking into account the presence of large deformations.

The purpose of this work is to select adequately the basic relations of
geometrically nonlinear problems of thermo elasto-plasticity for prismatic bodies.

Initial relations for the problems of the theory of elasticity, plasticity
and creep. Consider a curvilinear prismatic body of complex shape (Fig. 1)
with variable geometric and physical characteristics in the basic coordinate

system z' . It is used to describe boundary conditions, external influences, and

© Maksimyuk Yu.V., Pyskunov S.0., Shkril’ A.A., Maksimyuk O.V.
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object configuration. Fig. 1 shows also a local curvilinear coordinate system x'

that is related to its geometry.

The transformation tensor that
determines the relationship between
the local and basic coordinate systems
is known at each point in the body:

2
2= oz (1)
o ox!

The indexes indices by Latin

z letters taking values 1, 2, 3, and taking
the values 1, 2 when indices in Greek
. letters hereinafter.
z The covariant components of the
2 metric tensor of the local coordinate

system are represented by the
Fig. 1. Curvilinear prismatic body of complex ~ covariant components of the metric
shape tensor of the basic coordinate system

according to formula:
gij = Z,’? Z,njgmn . (2)
It is most advisable to use a Cartesian coordinate system as a basis for the

study of prismatic bodies. Three components of the metric tensor are non-zero
in this case:

g =L gy =1 gyy=1. 3)
Then the covariance components of the metric tensor of the local coordinate
system are determined by the formula:
g = Z”? Z’"j . @)
We find the covariance components of the metric tensor of the local
coordinate system using the following relation:

Ag")
g

g’ = )

where A(g”) is the algebraic complement of the each element in a matrix
composed of the covariance components of the metric tensor, g =det(g;) - the

determinant of that matrix.
The relation for determining the deformation components due to the
displacements in the local coordinate system have the form [20]:

. Ou;
81] =%(§_u;+a_iJ_ukr§’ (6)
X X

where 1"1-;? - the second kind Christoffel symbols.
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In the basis Cartesian coordinate system all the Christoffel symbols are equal
to zero and the displacements in the local and base coordinate systems are
related by the ratios:

u, = umZ",Z . @)

On the basis of formulas (6) and (7) we obtain the expression of the

components of the strain tensor in the local coordinate system by displacements

in the basic one:
1 , \

€5 = 5( “mfiz,n;' + umijz”j-“ ) . (8)

In problems of thermoelasticity the components of the complete deformation
tensor are equal to amount of elastic and temperature components:

de; =def +de], 9)

i
where eiJT- =arTg;, ar - coefficient of linear expansion of material, 7 — an

increase of temperature in the investigated point of the body relative to its
original state.

Components of the stress tensor under elastic loading connected through the
components of the strain tensor in accordance with Hooke's law:

ol =cimee (10)
or subject to (7)
ol =ci (s, —eh). (11)

The components of the elasticity tensor constant for isotropic bodies are
found from the relations:

M =2g"g" + u(g"g"” +g"eg") (12)
where are the Lame coefficients 4 and u are determined by the Poisson's ratio
V= v(zi ',T) and material elasticity modulus (Young's modulus) E =E(z' ',T) ,
that depend on the temperature 7:

P LA S (13)
(1-2v)(1+v) 2(1+v)

To describe the process of deformation beyond the elasticity of a material
whose physical properties depend on temperature, we use the theory of plastic
flow [1].

It is supposed that the material is homogeneous and isotropic in the initial
state, plastic non-compressed and change of material’s volume is linear-elastic:

P _ _ e
dgl-j =0, dgl-j = dgl-j . (14)
The increment of complete deformation de;; is equal to amount of elastic

deformation deg!

. T . ..
;7 » temperature deformation de;; and deformation of plasticity

p.
dgij.
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de; =dej +def + dsiJT-. (15)

Elastic deformations are related to the stress of the Hooke law (10). The area
of elastic deformation is limited in the space of stresses by the yield surface:

£, 2.T)=0. (16)

In accordance with the hypothesis of isotropic hardening under the
conditions of Mises' fluidity, the equations of the yield surface are as follows:

fp:%sijsl]—ff(%’T)zo’ (17)

where 7,(x,T) - yield limit under pure shear, y - Odquist’s strengthening
parameter:

)(=J %delfdsg . (18)

The components of the stress deviator included in expression (17) are
determined by the formula:

sV =¥ —%5mncrm”gij. (19)

Stress deviator is associated with an increase in plastic deformation in
accordance with the associated law of plastic yield:

of,

T
o0sY

def =2 =A,S - (20)
In case of creep deformations presence the equations of state are adopted in

accordance with the theory of strengthening [8]. It is assumed that the complete

increments of deformation are defined as the sum of four components:

de; =def +de] +del +def. 1)
The creep surface equation looks like:
£ =%s,.jsl'f—r§(y/,T,gi)=o. (22)

The creep limit is determined by the formula:
1

PL 7
7. = {—l(u/)ﬁ } : (23)
o
where a, f, y are temperature dependent constants which characterized a creep
properties of material; y - strengthening parameter:
—J . %dg;dgéj ) (24)
y

The increase of creep deformations is found by the components of the stress
deviator:

0t _js (25)

s

dej =2,
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Determination of deformations in geometrically nonlinear problems. We
will still use [4,5, 6] the basic Cartesian coordinate system Z" when
considering spatial objects in geometrically nonlinear formulation and the local
coordinate system x', provided that it is "frozen" into the medium and
deformed with it. The positions of each particle of body at any time are
determined by the radius vector:

F=r(Z',1). (26)

We suppose that the reference initial configuration is formed by vectors 7, at
time ¢,, topical — vector 7, =R at time ¢. We also introduce the reference

variable configuration that corresponds to the time 7 which is close enough to ¢ :

t=1+At. (27) e ;
We denote the metric tensors of a

~3 G X2
these states £, §, & respectively x N
(Fig. 2). Sy R x*?

The increase of time ¢ chosen X1 3 2

in a such way that during the g r
transition from the reference
variable configuration to the actual r
metric tensor components were 23" z?
corresponded to the ratio:

A& — &_ §’ AGij«Gij . (28) Fig. 2. Three configurations of coordinate system

The covariance components of metric tensors of configurations being
entered into consideration are calculated similarly (4) through the
transformation components tensor of the respective configurations.

To identify the components A& we will write an expression for the radius
vector of a point in the

current configuration R,
as the sum of the vector

7-=7 in the variable

ul'

reference configuration and
displacement vector u A(F' 2
(Fig. 3): ~
R=F+u, (29) N 7

or, using of index notation:
z" =Z" +u"™ . (30)

The components of the
transformation tensor that

determine the relatlonshl.p Fig. 3. Changing the position of a point according to the
between the local and basic entered reference variable configuration

zZ2

7 2

72
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coordinate systems in the current configuration are determined by the formula:
Z7 =Z7 +ul} . (31)
The covariant components of the metric tensor of the actual configuration
are represented using of formula (4):

G, =27" . (32)
Turning (32) and taking into account (31), we obtain:
Gy =Z27"Z"7 +Z7u"y +ull Z7 +ullu’; = g; +AGy, (33)
where
_om' m' m' m' m'
AG; =Z5u'jui +uju’; . (34)
Counter-variant components AG;; are determined by the condition:
G'G; =6 (35)
or
(8" +AG)(g; +AG;) -8 =0. (36)
Neglecting small increments of AG”AG ; value, we get:
AG'g; +2"AG; =0, (37)
where
ik __~if ~Ik
AG" =-g"AG ;2" . (38)

We write the expressions for the strain tensor in the current configuration
using the Finger measure E [2, 3]:
£=%(F—(§). (39)

Counter-variant components of the Finger measure F? is equal to the
corresponding components of the metric tensor g’ of reference initial

configuration.
We present the counter-variant components of the deformation tensor in the
current configuration as follows:

e/ =2 (F -G =2(g" -G, (40)
Using a variable reference configuration, we represent (40) as amount of:
.9’7=%(gy—§”+§U—Gy)=§y+A£y. (41)

The components of the strain tensor £ in the variable reference

configuration relative to the initial reference one are indicated there as £7 :

& =2("-2"), (42)
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and components of the strain tensor in the transition from the variable reference
to the actual configuration are indicated through Ag” :

AgY =%(§"f -Gy, (43)

Counter-variant components of the deformation increment during transition
from the reference variable to the actual configuration, taking into account (38),
represented by the relations:

457 = (g7 ~G1) =287 - &' - AGT) =~ " 4G, &7, (44)
and the covariance components are:
.o PER 1
Agkl =A€UGiijl zAgljgjl =EAle (45)
Using expression (34), we write the covariance components of the strain
tensor in the current configuration through displacements:
Ag; = %(Z”l-” w's +u ZU +uuli ). (46)
On the other hand, the increment of the strain tensor A& can be expressed as
the product of the strain rate tensor at Az .

AE=E" At . (47)
The Aldroid derivative of the tensor £ we represent with the relation [7]:
£ =£-VITE. (48)

Taking into account (39) and equivalence to zero of the operator vé=o0,
we get:

& =%[(ﬁ—5)—V§T(ﬁ—(§)—(F—(§)V§] =%[V§T}€+ v -
_6-vITEivITE-Fvi+ &wﬂ = —%(& vé) = %%. (49)

Thenat At >0 :

Af= 186 5, =146, (50)
2 ot 2

which is equivalent to component form (45).

Conclusion. The initial relations for physically and geometrically nonlinear
problems of deformation process for space prismatic bodies being formulated
above. It will allow to create new types of finite elements and to obtain
corresponding ratios for calculating the coefficients of stiffness matrices and
nodal reactions for a new class of problems.
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Maksimyuk Yu.V., Pyskunov S.0., Shkril’ A.A., Maksimyuk O.V.
MAIN RELATIONSHIPS FOR PHYSICALLY AND GEOMETRICALLY NONLINEAR
PROBLEMS OF DEFORMATION OF PRIMATIC BODIES

A number of responsible structures elements, which are prismatic bodies, are undergoing a
significant shaping in the process of manufacturing and operation, which often take place at high
temperatures, which leads to changes in the physical and mechanical characteristics of the material
and the development of various types of deformations. The solution authenticity of such problems of
the deformable body mechanics depends essentially on the adequacy of the physical relations used
to the considered processes of the material deformation, in particular taking into account the
presence of large deformations.

The initial relations of thermo elastic-plastic deformation of prismatic bodies are given in the
paper. A Cartesian coordinate system used as a basis for the study of prismatic bodies. The relation
for determining the deformation components through displacement values in the local coordinate
system are formulated. The components of the complete thermo elastic-plastic and creep
deformation tensor are taken as amount of appropriate deformation components. The plastic
deformation described with associated law of plastic yield, a creep deformation — in accordance with
the theory of strengthening The basic concepts, indifference of deformation tensors, with the
condition of energy conjunction in description of the shaping process are laid out on the basis of
classical work.

Keywords: prismatic bodies, physical and geometric nonlinearity, thermo elasticplastic
deformation, shaping process, Finger measure, Aldroid derivative.
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The paper considers parametric optimisation problems for the bar structures formulated as non-
linear programming tasks. The method of the objective function gradient projection onto the active
constraints surface with simultaneous correction of the constraints violations has been used to solve
the parametric optimisation problem. Equivalent Householder transformations of the resolving
equations of the method have been proposed. They increase numerical efficiency of the algorithm
developed based on the method under consideration. Additionally, proposed improvement for the
gradient-based method also consists of equivalent Givens transformations of the resolving equations.
They ensure acceleration of the iterative searching process in the specified cases described by the
paper due to decreasing the amount of calculations. The comparison of the optimisation results of
truss structures presented by the paper confirms the validity of the optimum solutions obtained using
proposed improvement of the gradient-based method. The efficiency of the propoced improvement
of the gradient-based method has been also confirmed taking into account the number of iterations
and absolute value of the maximum violation in the constraints.

Keywords: parametric optimisation, non-linear programming task, gradient-based method, bar
system, finite-element method

Introduction. Over the past 50 years, numerical optimisation and finite
element method [7] have individually made significant advances and have
together been developed to make possible the emergence of structural
optimisation as a potential design tool. In recent years, great efforts have been
also devoted to integrate optimisation procedures into the CAD facilities. With
these new developments, lots of computer packages are now able to solve
relatively complicated industrial design problems using different structural
optimisation techniques.

Applied optimum design problems for the bar structures in some cases are
formulated as parametric optimisation problems, namely as searching problems
for unknown structural parameters, whose provide an extreme value of the
specified purpose function in the feasible region defined by the specified
constraints. In this case structural optimisation performs by variation of the
structural parameters when the structural topology, cross-section types and node

© Peleshko I. D., Yurchenko V. V.
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type connections of the bars, the support conditions of the bar system, as well as
loading patterns and load design values are prescribed and constants. Besides,
mathematical model of the parametric optimisation problem of the structures
includes the set of design variables, the objective function, as well as
constraints, whose reflect in general case non-linear interdependences between
them [10].

In cases if the purpose function and constraints of the mathematical model
are continuously differentiable functions, as well as the search space is smooth,
then the parametric optimization problems are successfully solved using
gradient-based non-linear methods [11]. The gradient-based methods operate
with the first derivatives or gradients only both of the objective function and
constraints. The methods are based on the iterative construction such sequence
of the approximations of the design variables that provides the convergence to
the optimum solution (optimum values of the structural parameters) [17].

Additionally, a sensitivity analysis is a useful optional feature that could be
used in scope of the numerical algorithms developed based on the gradients
methods [8].

Although many papers are published on the parametric optimization of the
structures, the development of a general computer program for the design and
optimisation of building structures according to specified design codes remains
an actual task. Therefore, in this paper, a gradient-based method is considered as
investigated object. The main research question is the development of
mathematical support and numerical algorithm to solve parametric optimisation
problems of the building structures with orientation on software implementation
in a computer-aided design system.

1. Parametric optimisation problem formulation. Let us consider a
parametric optimisation problem of a structure consists of the bar members,
which can be formulated as presented below: to find optimum values for
geometrical parameters of the structure, bar’s cross-section sizes and initial pre-
stressing forces introduced into the redundant members of the bar system,
whose provide the extreme value of the determined optimality criterion and
satisfy all load-bearing capacities and stiffness requirements. We assume, that
the structural topology, cross-section types and node type connections of the
bars, the support conditions of the bar system, as well as loading patterns and
load design values are prescribed and constants.

The formulated parametric optimisation problem can be stated as a non-
linear programming task in the following mathematical terms: to find unknown

structural parameters X ={XZ}T, l=m, providing the least value of the
determined objective function:

S = (X)) = min £(X), (1.1)
in feasible region (search space) J defined by the following system of
constraints:
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WD) =y () =01k =LN,c (1.2)

0(X)={p,(X) 0|7 =Ny +1L,N,c}; (13)
where X is the vector of the design variables (unknown structural parameters);
fs v, @, are the continuous functions of the the vector argument; X" is the
optimum solution or optimum point (the vector of optimum values of the
structural parameters); f is the optimum value of the optimum criterion

(objective function); N,. is the number of constraints-equalities t,z/,((f( ),
whose define hyperplanes of the feasible solutions; N,. is the number of

constraints-inequalities ¢, (X), whose define a feasible region in the design

space 3.

The vector of the design variables Eq. (1.1) can include as components
unknown geometrical parameters of the structure, unknown cross-sectional sizes
of the structural members, as well as unknown initial pre-stressing forces
introduced into the specified redundant members of the structure.

The specific technical-and-economic index (material weight, material cost,
construction cost etc.) or another determined indicator can be considered as the
objective function Eq. (1.1) taking into account ability to formulate it analytical

expression as a function of design variables X .

Load-bearing capacities constraints (strength and stability inequalities) for
all design sections of the structural members subjected to all design load
combinations at the ultimate limit state as well as displacements constraints
(stiffness inequalities) for the specified nodes of the bar system subjected to all
design load combinations at the serviceability limit state should be included into
the system of constraints Egs. (1.2) —(1.3). Additional requirements, whose
describe structural, technological and serviceability particularities of the
building structure under consideration, as well as constraints on the building
functional volume can be also included into the system Eqgs. (1.2) — (1.3).

2. An improved gradient-based method to solve the parametric
optimisation problem. The parametric optimisation problem stated as non-
linear programming task by Egs. (1.1) —(1.4) can be solved using a gradient-
based method. The method of objective function gradient projection onto the
active constraints surface with simultaneous correction of the constraints
violations ensures effective searching for solution of the non-linear
programming tasks occurred when optimum designing of the building structures
[5,9].

The gradient-based method operates with the first derivatives or gradients
only both of the objective function Eq. (1.1) and constraints Egs. (1.2) —(1.3).
The method is based on the iterative construction such sequence Eq. (2.1) of the
approximations of the design variables Eq. (1.4) that provides the convergence
to the optimum solution (optimum values of the structural parameters):
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X=X +AX,, 2.1)
where )?t ={XI}T, 1=1,N, is the current approximation to the optimum

solution X~ that satisfies both constraints-equalities Eq. (1.2) and constraints-
inequalities Eq. (1.3) with the extreme value of the objective function Eq. (1.1);

AX, ={AX,

. l}r, 1=1,N, , is the increment vector for the current values of the

design variables )?t (see Fig. 2.1); ¢ is the iteration’s index. Start point of the

iterative searching process X ._, can be assigned as engineering’s estimation of
the admissible design of the structure.

X,

Fig. 2.1. Step to the optimum point depending on location of the current approximation
in the N-dimension search space: graphical illustration

The active constraints only of constraints system Egs. (1.2) — (1.3) should be
considered at each iteration. Set of active constraints numbers A calculated for

the current approximation X , to the optimum solution (current design of the
structure) is determined as:

A=xuUn, K={K“

WK()?t)‘Z—g}, n:{NEC+n ‘ go,l(/\_}t)z—s}.

where & is small positive number introduced here in order to diminish the
oscillations on movement alongside of the active constraints surface.

Increment vector AX, for the current values of the design variables X, can

be determined by the following equation:
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AX, = AX! +AX/, 2.2)

where AX ' is the vector calculated subject to the condition of liquidation the

constraint’s violations; AXH' is the vector determined taking into consideration

the improvement of the objective function value. Vectors A)?HI and AX " are
directed parallel and perpendicularly accordingly to the subspace with the
vectors basis of the linear-independent constraint’s gradients, such that:
S \T o
(AXj) AX[=0. (2.3)

The values of the constraint’s violations for the current approximation X . of

the design variables are accumulated into the following vector:
v =(wK(X)Vr< €ex; ¢, (X)Vne n) .

Let introduce into further consideration set L, L < A, of the constraint’s
numbers, such that the gradients of the constraints at the current approximation
X, to the optimum solution are linear-independent.

Component AX ' is calculated from the equation presented below:

AX! =[Voli,. (24)

K gD’l

and

1 l

where [Vgo] is the matrix that consists of components , here

t=LLN,, keL, neL; [ is the column-vector that defines the design
variables increment subject to the condition of liquidation the constraint’s
violations. Vector fi, can be calculated as presented below.

In order to correct constraint’s violations V, vector AX " to a first
approximation should also satisfy Taylor’s theorem for the continuously
differentiable multivariable function in the vicinity of point )?t for each
constraint from set L , namely:

-V =[Vg] AX'. 2.5)

With substitution of Eq. (2.4) into the Eq. (2.5) we obtain the system of
equations to determine column-vector i, :

Vol [Vold, =-V. (2.6)
Component AX! is determined using the following equation:
I
X[ =&x By, =£(V - [Vold). 2.7)

where Vf is the vector of the objective function gradient in the current point
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(current approximation of the design variables) X S favf is the projection of the
objective function gradient vector onto the active constraints surface in the
current point X, ; #y is the column-vector that defines the design variable’s

increment subject to the improvement of the objective function value. Column-
vector F‘H can be calculated approximately using the least-square method by the

following equation:

[Voli ~Vf . 2.8)
or from the equation presented below:
[Vol [Vold =[Ve] v/ (2.9)

where & is the step parameter, which can be calculated subject to the desired
increment Af of the purpose function on movement along the direction of the
purpose function anti-gradient. The increment Af can be assign as 5...25%

from the current value of the objective function /(X BE

o =& (VF) vF, = — (2.10)

r——
(V7) vf
where in case of minimisation Eq. (1.1) Af and & accordingly have negative
values. The parameter £ can be also calculated using the dependency presented
below:
.

(ﬁw )r Vf’ (2.11)
that follows from the condition of attainment the desired increment of the
objective function Af on movement along the direction of the objective
function anti-gradient projection onto the active constraints surface. Step
parameter £ can be also selected as a result of numerical experiments
performed for each type of the structure individually [6, 13].

Using Egs. (2.4) and (2.7), Eq. (2.2) can be rewritten as presented below:

A%, =[Vo] i, +&(VF -[Vo] &), 2.12)
or
AX, =& Vf +[Vo](ii, — &), (2.13)
where column-vectors i, and F‘H are calculated using Eq. (2.6) and Eq. (2.8) or
Eq. (2.9).

The linear-independent constraints of the system Eqgs. (1.2) — (1.3) should be
detected when constructing the matrix of the active constraints gradients [Vgo]
used by Eq. (2.6) and Eq. (2.8) or Eq. (2.9). Selection of the linear-independent
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constraints can be performed based on the equivalent transformations of the
resolving equations of the gradient-based method using the non-degenerate
transformation matrix H, such that the sub-diagonal elements of the matrix

H[V¢] equal to zero. Besides,
H'H=I, (2.14)
H=H, x...xH, x...xH, xH,; (2.15)
where I is the unit matrix; ¢ is the total number of the linear-independent
gradients of the active constraints, H, is the transformation matrix, such that
H/H, =1, at the same time the sub-diagonal element are equal to zero in matrix

H,xH_ x..xH,xH x[Vg] for column’s numbers 1, i. Described

conditions are satisfied by the orthogonal matrix of the elementary mapping
(Householder’s transformation) [18].
Let us present here the following algorithm to form set L and to construct

matrix H[Vgo].

1.i=0, L= and [V®] =[V¢] should be assumed, where [V¢] is the
matrix that comprises from the column-gradients of all active constraints. All
columns of matrix [Vd)]o should be marked as ‘not used’ (or linear-
independent).

2.i=i+1.

3. Among all ‘not used’ columns of matrix [Vd)]l,_l, whose correspond to
the constraints-equalities Eq. (1.2), one ;™ column with extreme value of the
specified criterion should be selected (for example, the following criterion

N.‘(
l 2/ = AZ: g,i can be considered as such criterion, where g,; are the j ® column’s
components of matrix [Vd)]l,_l). At the same time all k™ columns of matrix
[V®] . for whose the following inequality ¢} <&, met, should be marked as
‘used’, here g 1is the small positive number. In case when no constraints-
equalities exist or all constraints-equalities Eq. (1.2) are marked as ‘used’, the
selection of j ™ column should be performed among all ‘not used’ columns of
matrix [Vd)]l,_l, whose correspond to the constraints-inequalities Eq. (1.3). If
(*<g, then generation of set L and matrix H[Ve] is finished.
H[Vp|=[Ve] . In case of (<& and i=1 (i.e. L=0), there is a

contradiction in the system of constraints Eq. (1.2) —(1.3). In other case,
moving to the next step performs.
4. k ™ number of the constraint, that corresponds to the j ™ column number,
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should be included into set L, L «— L+{k}.
5. Calculate [V®] =H,[V®]

: .- It is reasonable to execute the
multiplication only for ‘not used’ columns. It should be noted, when using
Householder’s transformation matrix H, is not constructed evidently [18]. At
the same time, matrix [Vd)]l, may be constructed within the ranges of matrix

[V®] . when no additional memory is needed.

i-1

6.1f i=1, then [Vo] =g, where g, is ™ column-vector of matrix

[V®] . When i>1 [Ve)]. is constructed using extension of the matrix [V ¢]

i i-1
by the column-vector ¢,. j ™ column of matrix [Vd)]l, is selected as ‘used’,
then moving to the step 2 performs.

Using Householder’s transformations described above triangular structure of

the nonzero elements of matrix H[Ve| is formed step-by-step. Besides,
Eq. (2.6) and Eq. (2.8) can be rewritten as follow:

([Vgo]T H’ )(H[Vgo])ﬁl -V, (2.16)

H[Vo]i ~HVf . (2.17)
In order to calculate column-vectors fi, and F‘H it takes only to perform

forward and backward substitutions in Eq. (2.16) and Eq. (2.17).

To accelerate the convergence of the minimisation algorithm presented
above, h™ columns should be excluded from matrix H[Vgo]. These columns
correspond to those constraints from Eq.(1.3), for whose the following
inequality satisfies:

My —Ex ey, >0. (2.18)

VE(/Z'&/Z)

Vo(i-&i2)
ﬁ% $ i)
X]

(@) (b)
Fig. 2.2. Graphical illustration for the selection of the constraints-inequalities: graphical illustration:
a— py, =&y, <05 b=y, =&, >0
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Actually, when u ,—&, 1, >0 return onto the active constraints surface

from the feasible region J with simultaneous degradation of the objective
function value perform (see Fig. 2.2, b). At the same time, in case of:

My =ity <0, (2.19)
both improvement of the objective function value and return from the
inadmissible region onto the active constraints surface perform (see Fig. 2.2, a).

When excluding 4™ columns from matrix H[Vgo] corresponded to those

constraints for whose Eq. (2.12) satisfies, matrix (H[Vgo]) , with broken (non-

triangular) structure of the non-zero elements is obtained. The set L of the
linear-independent active constraints numbers transforms into the set L,

respectively. At the same time, the vector of the constraint’s violations V
reduced into the vector V,, accordingly.

7

In order to restore triangular structure of the matrix (H[Vgo]) . with zero

re

sub-diagonal elements Givens transformations (Givens rotations) [1, 18] can be
used. Givens transformations for the matrix (H[Vgo]) . consist of construction

re

h

such square matrix G, , for which corresponded wz" element of matrix

G, (H[Vgo]) , returns into zero (see Fig. 2.3) [12]. Since c+s5°=1 by

definition, so it follows:
(G
Obvious method to calculate ¢ and s for 4™ non-zero sub-diagonal
element and for ¢ ™ diagonal element is:

)G, =1. (2.20)

wz wz

c=—, §s=—; (2.21)
r r
where
ZY 4w
' 1
1
Z 1 —
v 1
1
1
1
G. (n[ve),

Fig. 2.3. Scheme for Givens rotations (non-zero elements of the matrixes are dashed)
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The Givens matrix G may be calculated similarly to the matrix H using
the following equation:

G =G, x..xG,;x...xG, xG,. (2.23)
where y is the number of the Givens transformations. So, Givens
transformations should be executed several times (with different values z and
w), while the matrix G, (H[Vg])  has no all zero sub-diagonal elements

(for example presented by Fig. 2.3, y =5).
Taking into account Givens transformations Eq. (2.16) and Eq. (2.17) to

calculate column-vectors (i, )re , and ( ﬁf)~d can be rewritten as:

(Vo] B") G'G(u[ve)) ,(a),=-V.: @24

re

G(H[Ve]) (&) ~GHVS; (2.25)

and the main resolving equation of the gradient-based method Eq. (2.12) and
Eq. (2.13) can be rewritten as presented below:

AY, =(H[Vo]) (i), +&(V/ -(H[Ve]) (&) ). @26)

or

-

AY, =£ Vi+(B[Ve]) (2, ~¢(R),). @21

Proposed improvement for the method of the objective function gradient
projection onto the active constraints surface with simultaneous correction of the
constraints violations consists of equivalent transformations of the resolving
equations using Householder transformations. The transformations with matrix
H presented by Eq. (2.24) and Eq. (2.25) of the resolving equations of the
gradient-based method Eq. (2.6) and Eq. (2.8) increase numerical efficiency of
the algorithm developed based on the gradient-based method described above.

Additionally, proposed improvement for the gradient-based method includes
equivalent transformations of the resolving equations using Givens rotations.
The transformations with matrix G presented by Eq. (2.24) and Eq. (2.25)
ensure acceleration of the iterative searching process Eq. (2.1) in case when
Eq. (2.18) takes into account due to decreasing the amount of calculations.

It should be noted, that lengths of the gradient vectors for objective function
Eq. (1.1) as well as for constraints Egs. (1.2) — (1.3) remain as they were in
scope of the proposed equivalent transformations ensuring the dependability of
the optimisation algorithm.

Determination the convergence criterion is the final question when using the
iterative searching for optimum point Eq. (2.1) described above. Taking into
consideration the geometrical content of the gradient steepest descent method,

we can assume that, at the permissible point X , the component of the increment
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vector A)?Ht for the design variables should be vanish, A)?“’ — 0, in case of

approximation to the optimum solution of the non-linear programming task
presented by Egs. (1.1) — (1.4). So, the following convergence criterion of the
iterative procedure Eq. (2.1) can be assign:

o= S8 ) < .

where ¢, is the small positive number.

Taking into consideration Eq. (2.28) let formulate the following stop criteria
in the iterative searching procedure Eq. (2.1).

Stop criterion I: in case of the objective function gradient in the current
approximation X . of the design variables is close to zero value indicating on
extreme character of the current approximation, as well as violated constraints

are absent:

-0,

S (2.29)
—e2Vf2>+g;

where 24 is the set of the violated constraints numbers,
Z:{s| y/s(/\_}t)‘>.9; gos()?t)>g};

Stop criterion 2: in case of the projection of the objective function gradient

in the current approximation X, onto the active constraints surface is close to

zero value or objective function gradient is perpendicularly to the active
constraints surface indicating impossible further improvement of the objective
function value, as well as violated constraints are absent:

2=®;

. (2.30)
—£E2p2+E;

Stop criterion 3: when in the current approximation )?t of the iterative
searching procedure (2.2) the total number of the active constraints ¢ equals to
the number of design variables N, , as well as all active constraints are ¢ -
active (both not violated constraints and those ones for whose inequality

Eq. (2.12) met):
- (R

t=Ny; (2.31)
My =&y, <0,Vf eL.

This stop criterion for the iteration process Eq. (2.1) corresponds to the case
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~ T —
when the current approximation X, =(Xf) ,1=1,N,, to the optimum

solution locates at the intersection point of the constraints (so called, vertex). In
this case, no correction of the constraints violations is needed and further
improvement of the purpose function value is not possible.

Stop criterion 4: when the purpose function values within two consecutive
iterations are the same with acceptable accuracy subject to the absence of the
violated constraints:

- a,

f(XL)=r(X)

3. Results and discussion. In order to estimate an efficiency of the new
methods or algorithms, we should perform a comparison with alternative
methods or algorithms presented by other authors using different optimisation
techniques. Criteria to implement such comparison are described, i.e. by the
papers [2, 6]. Many of them, such as robustness, amount of functions
calculations, requirements to the CPU memory, numbers of iterations etc.
cannot be used due to lack of corresponded information in the technical
literature. Therefore, an efficiency estimation of the method of objective
function gradient projection onto the active constraints surface with
simultaneous correction of the constraints violations presented above will be
based on comparison of the optimisation results obtained using proposed
improvement of the gradient-based method, as well as of the results presented
by the literature and widely used for testing. Initial data and mathematical
models of the parametric optimisation problems considered below were
assumed as the same as described in the literature.

3.1. Parametric optimisation of a three-bar truss. Optimisation of a three-
bar truss (see Fig. 3.1) has been firstly solved by Schmit L. A. [15] using a non-
linear programming method. Besides, the task has been also considered by the
authors of the paper [6].

A parametric optimisation Z*
problem was formulated as searching
for optimum cross-sectional areas b,

(2.32)

b, and b, of the truss bars providing

254 mm

the least value of the truss weight
subject to normal stresses and flexural
stability constraints, as well as
displacements and eigenvalue
constraints. Load cases for truss under
consideration are presented by Table 4[ 254 mm 4[ 254 mm 4[
3.1

Fig. 3.1. Three-bar truss
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Table 3.1
Load cases for considered truss
Load case j 1 2 3
0,.° 45 90 135
P, x10°, pound-force 40 30 20
P,, ton-force 18.144 13.608 9.072

Initial data for optimisation of the truss are as follows: unit weight of the
truss material is pg = 0.1 pound/inch® = 2.768-107° t/cm’; modulus of elasticity
is E =10’ pound/inch® = 703.066 t/cm’; allowable stresses value for the 1% and
3" truss member is o} = ¢¢ = 5000 pound/inch® = 0.3515 t/cm’; for the 2™ truss
member is o} = 2000 pound/inch’=1.4061t/cm*; non-dimensional factor used
to calculate second moment area of inertia for each truss member is f =1,
I, = Bb,; ultimate vertical z* and horizontal x“ displacements of the truss
nodes are x“ =z“ =0.005inch=0.127 mm; lower limit value for eigenvalue is
&, =1.872-10°.

The objective function can be written as presented below:

y/0=pgl(b1\/§+b2+b3\/§)—>min; (3.1)

where [ is the truss height, / =25.4 cm (see Fig. 3.1). Let formulate strength
constraints for each truss members for all load cases as follows:

/|
Vi) = ﬁ —-1<0; (3.2)

where N/ is the axial force for i " truss member subjected to ;" load case,
i= l,_3, j= 1,_3 Besides, let include to the system of constraints the inequalities
describing that the design variables should have positive values:

W, =-b <0; (3.3)

Flexural buckling constraints for all truss members can be written using
Hooke law as presented below:

(x;{ +z;{) /
7’ Bb,

where x/, z/ are linear displacements for 4™ node of the truss subjected to ;"

Visusins; = — -1<0; 3.4

load case along the directions of Ox and 0z axes respectively. Constraints on
the minimum values of the eigenvalues can be written analytically using
calculation results of the eigenvalues stability problem for truss under
consideration:
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22p lzgo[b‘;b-‘ﬁnj
2

Wy, = -1<0. (3.5)

2
LR LA
b2 b2

Let also formulate displacements constraints for 4™ truss node in the plane
x0z:

Wy, =—1-—<0; (3.6)
’ X
J
Wy, =t-1<0; 3.7)
J xa
Z 3.8
'//28+j=_1_z_a£0§ (3.3)
W,’,Hj =_a_1£0 (39)

Starting from start values of  the design variables
b° =(64.5160, 32.2580, 32.258)Tcm2 with truss weight G°=116.602 N

optimum solution b =(57.4878, 12.4482, 27.4299)Tcm2 with optimum

weight G* =91.383 N has been obtained. Comparison of the optimisation
results for three-bar truss under consideration obtained by authors of the paper
[6] and in this article is presented by Table 3.2. Step-by-step characteristics of
the iterative searching for optimum design of the three-bar truss are presented by
Table 3.3.

Table 3.2
Comparison of the optimisation results for three-bar truss
Truss member Start values of the Optimum cross-section arezas for i ™ truss
number, i design variables member, cm

Paper [6] This paper

1 64.5160 59.225688 57.487781

2 32.2580 13.935456 12.448249

3 32.2580 24.838660 27.429940

Truss weight, N 116.602 91.588438 91.382689

11 iterations have been performed. Iterative searching process for the
optimum point was stopped due to the following stop criterion: increment of the
design variables within two consecutive iterations was less than 0.0001, as well
as there were no violated constraints.
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Table 3.3
Step-by-step characteristics of the iterative searching for optimum design of the
three-bar truss

g5 Current Va'lubels Ofthez design Objective Numbers of Maximum

£ 3 variables, cm : , e

s '8 function value, | the active | violation of the

22 b, b, b, ton-force constraints constraints
0 | 64.5160 |32.2580(32.2580 | 0.01189005130 — —

1 44.5160 |22.2580 (22.2580 | 0.00820412802 15 0.358346583
2 | 60.78468 | 12.2580 | 12.2580 | 0.00812434854 1052753;7834?2’ 0.462764185
3 |40.78469 [14.85774|22.2580 | 0.00731284150 | 15, 18,22,26 | 0.422373593
4 | 55.57631 |15.86132(21.5254 | 0.00878127279 15,22 0.100763871
5 157.39339 {13.01145|26.33674| 0.00923995830 15,22 0.011887395
6 | 57.58708 [12.55355[27.23679| 0.00931651373 15,22 0.000269880
7 | 57.49673 {12.45692|27.41397| 0.00931835396 15,22 9.66743-10°
8 | 57.48847 |12.44889[27.42879| 0.00931844122 15,22 7.55468-10°
9 | 57.48783 |12.44830(27.42985| 0.00931844180 15,22 1.42876:10°
10 | 57.48778 |12.44825]27.42993| 0.00931844180 15,22 8.73750-10
11 | 57.48778 [12.44825]27.42994| 0.00931844180 15,22 6.55025-10°"

3.2. Optimisation of a ten-bar cantilever truss. A parametric optimization
problem of a ten-bar cantilever truss (see Fig. 3.2) is widely used in the
literature [3, 6, 14, 16] in order to compare different methods for solving
optimisation problems. The parametric optimisation problem is formulated as
follows: to find unknown cross-sectional areas for each truss member
b
constraints in all truss bars, node displacements constraints, as well as
constraints on the minimal cross-section areas.

The truss under consideration is undergone for two load cases (see Fig. 3.2
together with Table 3.4). Initial data for optimisation of the truss are as follows:

unit weight of the truss material is pg =0.1pound/inch’®=2.768-107° t/cm’;

(bl,)r ,i= I,TO, with weight minimisation of the truss subjected to stresses

modulus of elasticity is £ =10" pound/inch? = 703.066 t/cm*; non-dimensional
factor used to calculate second moment area of inertia for each truss member is

p=10 (Il. = ﬂbf) ; lower limit value for cross-sectional areas for all truss bars

is b =0.10inch’=0.64516 cm?; allowable stresses value for the all truss
member is o =25-10° pound/inch®=1.758 t/cm?; ultimate vertical z* and
horizontal x“ displacements of the truss nodes are x* =z =2 inch = 50.8 mm.
Start value b, =1.0 inch®=6.4516cm” was used as start approximation for
variable cross-sections areas for all bars of the truss under consideration.
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,.L 9144 mm J' 9144 mm J'
Fig. 3.2. Ten-bar cantilever truss
Table 3.4
Load cases for ten-bar cantilever truss
Node Concentrated load
Load liase number along axis 0z, C(l)ncentr:«:lte(()i loatd
number (see Fig. 3.2)|  x10° pound along axis 0z,
| 2 —-100.0 -45.35901659
4 —100.0 -45.35901659
1 50.0 22.67950830
) 2 —-150.0 -68.03852489
3 50.0 22.67950830
4 —-150.0 -68.03852489

Variable cross-section areas for each truss member b =(bl.)r, i=110,
were considered as design variables. The objective function can be written as
presented below:

W, = pgl( b +b, +b, +b, +b, +b, +x/§(b7 +by +b9+b]0)) —min; (3.10)
where [ is the truss height, / =914.4 cm (see Fig. 3.2). Constraints on lower
limit value for variable cross-sectional areas for all truss bars are written as
follows:

b,
v, =1-—<0. (3.11)
bi
Stresses constraints can be formulated as presented below:
V]
Wi =7 —1<0. (3.12)
bo

i

where N, is the axial force in the ;™ truss member. Displacement constraints
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for the truss nodes are written as follows:

Wi, =—1-x, /x* <0; (3.13)
Vary =%, [x* —120; (3.14)
Wy, =—1-z, /2 <0; (3.15)
Wy, =2,/2° =150, (3.16)
where x;, z; are linear displacements of j ®truss node, j = 14.
Table 3.5

Comparison of the optimisation results for the 10-bar cantilever truss

Start values Optimal cross-section area for i ™ truss member, cm’
Bur .
number. i for ('1e51gn for the first load case for the second load case
’ variables Paper [6] This paper Paper [6] This paper
1 6.4516 193.7479996 | 197.0312484 | 152.0255024 | 151.8842240
2 6.4516 0.645160000 | 0.645160000 | 0.645160000 | 0.645160000
3 6.4516 150.1545384 | 149.6078266 | 163.0770932 | 163.1232003
4 6.4516 98.61915760 | 98.22918330 | 92.5352988 | 92.75779895
5 6.4516 0.645160000 | 0.645160000 | 0.645160000 | 0.645160000
6 6.4516 3.590315400 | 3.559530885 | 12.70836168 | 12.70787948
7 6.4516 48.18248428 | 48.02706763 | 80.0062916 | 79.87214746
8 6.4516 136.7610168 | 135.7825567 | 82.9030600 | 82.79629923
9 6.4516 139.4706888 | 138.9183389 | 130.870706 | 131.1797334
10 6.4516 0.645160000 | 0.645160000 | 0.645160000 | 0.645160000
Truss 1.8666727 | 22.51500912 | 22.51356469 | 20.80022802 | 20.80595725
weight, kKN|
Numbe'r of active 4 5 4 6
constraints
Numbers of active B 2,5,10, 13, - 2,5,10,17,
constraints 31 31,32
Modulus of the |6y, =2.041 |6y, | = 2.824
maximum violation in 0.27-107* . 0.17-107 .
the constraints x10 x10

Starting from the initial truss design with start weight G° =1.867 kN
optimal solution with optimum weight G* =22.514 kN has been obtained for
the truss subjected to the first load case. Additionally, starting from the initial
truss design with start weight G° =1.867 kN optimal solution with optimum

weight G~ =20.806 kN has been obtained for the truss subjected to the first
load case. Comparison of the optimisation results for three-bar truss under
consideration obtained by authors of the paper [6] and in this article is presented
by Table 3.5.

For both loaded cases iterative searching process for the optimum point was
stopped due to the following stop criterion: increment of the design variables
within two consecutive iterations was less than 0.0001, as well as there were no
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violated constraints.

Comparison of the optimisation results for the ten-bar cantilever truss
obtained using the proposed improved method of objective function gradient
projection onto the active constraints surface with simultaneous correction of the
constraints violations with optimisation results presented by the literature [3, 6,
14, 16] are shown in Table 3.6.

Table 3.6
Comparison of the optimisation results for the 10-bar cantilever truss
Load case 1 Load case 2
Weight, KN Stre'sses All constraints Stre'sses All constraints
constraints only constraints only
This paper 7.086663425 22.51356469 7.404064841 20.8059573
The paper [6] 7.086783276 22.51500912 7.408610546 20.8003614
The paper [16] 7.087005686 22.58284417 7.404251310 20.8039200
The paper [14] 7.086783276 22.58199901 7.404162346 20.8038755
The paper [3] 7.2149804 22.59685600 - 22.5065575

3.3. Optimisation of a 24-bar translational tower. Parametric optimization
problem for a translational tower (see Fig. 3.3) has been considered by the paper
[6]. The translation tower is
subjected to 2 load cases (see
Table 3.7). Taking into account
the symmetry of the structural
form, the vector of the design
variables has been reduced to 7
variable cross-section areas for 25
structural members of the tower
under consideration (see Table
3.8). The parametric optimization
problem is  formulated as
searching for optimum cross-

X=(x,),

sectional areas

i=1,7, of the tower structural
members, whose provide the least
weight of the tower subjected to
stresses constraints, node
displacements constraints, as well
as constraints on the minimal
cross-section areas.

Initial data for optimisation of
the tower are as follows: unit
weight of the tower material is pg = 0.1 pound/inch®=2.768 t/m*; modulus of

Fig. 3.3. Design model of the translational tower

elasticity is £ =10’ pound/inch® = 703.074 t/cm’; non-dimensional factor used
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to calculate second moment area of inertia for each tower structural member is
p=10 (Il. = ﬂbf); lower limit value for cross-sectional areas for all tower

members is A" =0.01 inch? = 0.0645 cm?; ultimate node displacements of the
tower are x“ = y* =z =0.35 inch = 8.89 mm; allowable stresses value for the

all tower member is o = +40-10° pound/inch® = +2.8122 t/cm’.

Start value 4, =1.0 inch®=6.4516 cm® was used as start approximation for
variable cross-sections areas for all members of the tower under consideration.
Dimensions of the optimisation problem were 7 design variables and 129
constraints.

Comparison of the optimisation results for the translational tower is
presented by Table 3.8. At the continuum optimum point there were 5 active
constraints: 3™ node displacement constraint of the tower along axis Ox for 1
and 2™ load cases, 3™ node displacement constraint along axis 0z for 1% load
case, 4™ node displacement constraint along axis Ox for 2" load case, as well as
4™ node displacement constraint along axis 0z for 1% load case. Internal axial
forces at the optimum design of the translational tower are shown by Table 3.9.

Table 3.7
Load cases for translational tower

Load case | Node number | Direction of the node load application
number | (see Fig. 3.3) Ox 0y 0z
1 0.2268 - -
| 2 0.2268 - -
3 0.4536 | —2.2680 4.5359
4 - —2.2680 4.5359
) 3 - —2.2680 9.0718
4 - —2.2680 -9.0718
Table 3.8
Comparison of the optimisation results for the translational tower
Design Tower structural Optimal cross-section arezas for tower
variable |members (see Fig. 3.3) members, cm -
Paper [6] This paper
4 1 0.0645 0.0939
4, 2,3,4,5 13.2103 0.2444
4, 6,7,8,9 19.3322 23.8915
A, 10, 11,12, 13 0.0645 8.6632
A 14,15, 16, 17 4.4213 5.0950
4, 18, 19, 20, 21 10.4626 1.8024
4, 22,23,24,25 17.2335 25.2070
Tower weight, t 0.2472 0.2207
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Table 3.9

Internal axial forces at the optimum design of the translational tower, ton-force
Bar Load case Bar Load case Bar Load case
No. I 2 |No. 1 2 |No'[ 2

1 —0.1433 0.00 10 | —0.0821 | —0.5387 | 18 |-0.4685| 2.5114

2 —0.3292 0.00 11 | —-0.1304 0.5387 19 |-0.5370] -2.5114

3 0.0654 0.00 12 | -3.9711 0.00 20 [ 0.3682 | 2.5114

4 —0.2108 0.00 13 2.5968 0.00 21 [0.2997 | -2.5114

5 0.1839 0.00 14 | —1.4834 | —0.4803 | 22 | 5.8160 | —3.7169

6 —7.7237 4.8443 15 1.2554 | —0.4803 | 23 |-7.6930| —3.7170

7 5.0976 4.8443 16 | —1.5765 0.4803 24 | 5.0270 | 3.7169

8 —7.4008 -4.8443 | 17 1.1623 0.4803 25 [-8.4820| 3.7169

9 5.4205 —4.8443

Iterative searching process for the optimum point was stopped due to the
following stop criterion: increment of the design variables within two

consecutive iterations was less than 1x107°, as well as there were no violated

constraints (maximum value among constraint violations was 0.049x107'%).

Conslusion. The method of the objective function gradient projection onto
the active constraints surface with simultaneous correction of the constraints
violations has been considered by the paper. Equivalent Householder
transformations of the resolving equations of the method have been proposed.
They increase numerical efficiency of the algorithm developed based on the
method under consideration.

Additionally, proposed improvement for the gradient-based method also
includes equivalent transformations (Givens rotations) of the resolving
equations. They ensure acceleration of the iterative searching process in
specified cases described by the paper due to decreasing the amount of
calculations.

Lengths of the gradient vectors for objective function, as well as for
constraints remain as they were in scope of the proposed equivalent
transformations ensuring the reliability of the optimisation algorithm.

The comparison of the optimisation results presented by the paper confirms the
validity of the optimum solutions obtained using proposed improvement of the
gradient-based method. Start values of the design variables have no influence on the
optimum solution of the non-linear problem confirming in such way accuracy and
validity of the optimum solutions obtained using the algorithm developed based on
the presented improved gradient-based method. The efficiency of the propoced
improvement of the gradient-based method has been also confirmed taking into
account the number of iterations and absolute value of the maximum violation in the
constraints. The deviations availabled in some presented results can be explained, on
the one hand, by using a numerical approach to the iterative searching with specified
accuracy (as in the optimisation of the ten-bar cantilever truss), on the other hand, by
possible existence of several local optimum points (as in the optimisation of the
translation tower).
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Ienewrxo 1. /I., FOpuenxo B. B.
MOAUPIKALISA TPAAIEHTHOI'O METOAY JIs1 PO3B’SI3KY 3AJIAY
HNAPAMETPUYHOI ONITUMI3ALI CTEP)KHEBUX KOHCTPYKIIII

VY cTaTTi po3rismaroThCs 3ahadi MapaMeTpHYHOl ONTHMI3alil CTEPKHEBUX KOHCTPYKLIH, sKi
(hopMyIIOIOThCS B TepMiHAX 3a4adi HeJliHifHOro nporpaMyBaHHs. O6’€KTOM JOCITIIKEHHS BUCTYIIAE
METO[, IO TPYHTYIOThCS Ha OOYMCICHHI IpafieHTIB (YHKLII METH Ta OOMEXEHb, a 3a1aducio
JIOCJIKEHHS — PO3po0Ka MaTeMaTHYHOrO Ta JITOPUTMIYHOrO 3abe3reueHHs Uil PO3B’ 3Ky 3a1ay
HapaMeTpUYHOl ONTHUMi3allii KOHCTPYKILIH HpH OpieHTalii Ha NPOrpaMHy peawi3alilo B CHCTEMI
aBTOMATH30BAaHOI'O [IPOCKTYBAHHSL.

Jlist po3B’sI3KY  3a/ad  [MapaMETPUYHOI ONTHMI3allil BHKOPHCTOBYETHCS METOJ IPOEKIil
rpajieHra (pyHKIlii METH Ha TIOBEPXHIO aKTHBHUX OOMEXEHb 3 OJJHOYACHOIO JIIKBIAII€I0 HEB SI30K B
oOMeXEHHsX. Y CraTTi 3alpOINOHOBAaHI CKBIBAJICHTHI IEPETBOPEHHs Xaycxojjepa s
PO3B’s3yBaJIbHUX PIBHSHb PO3JILAYBAHOTO METOLY ONTHMI3allii, sSIKi MiJBHUILYIOT 00YHCIIIOBAIBHY
e(CKTUBHICTh AJITOPUTMY, PO3POOJIEHOrO Ha OCHOBI rpajieHTHOro wmeroay. Okpim TOro
3aIPOIIOHOBAHI  €KBIBAaJICHTHI  HepeTBOpeHHs l'iBeHca i1 pO3B’S3YBAJIbHHX  PIBHSHb
PO3TJISAYBAHOTO METOAY, SIKi JUIsi BU3HAYCHUX BHUIAJKIB, O0YMOBJICHHX Yy CTAaTTi, NPUILBHIIIYIOTH
iTepaLiiHKIl TIPOLEC MOIIYKY ONTHMAJIBHOIO PO3B’ 3Ky BHACIILOK CKOPOUYCHHS 00CIrY O0UHCICHb.
JI0BXKMHH BEKTOpIB rpaieHTIB (YHKLIl MeTH Ta OOMEXKEHb MATEMATHYHOI MOJEII 3aIHINAIOTHCS
HE3MIHHUMH IIpH 3aIpPONOHOBAHHMX EKBIBAJICHTHHX IEPETBOPEHHSX, 10 3abe3nedye HaaiiHICTH
AITOPUTMY ONTHMI3aLii.

ITopiBHSAHHS Pe3yJIbTATIB ONTUMI3AIIHUX PO3PAXyHKIB CTEP)KHEBHX CHUCTEM, HPEICTABICHE Y
CTaTTi, MIATBEPKYE IOCTOBIPHICTH ONTHMAIBHUX PO3B’SI3KIB, OTPHUMAHHX 3 BHUKOPHCTAHHSIM
3anporoHoBaHol Moaudikauii rpaxieHTHOr0 Merony. EdexTuBHicTs 3anponoHoBanoi Mogudikarii
IpaieHTHOrO METOJY ONTHMI3allii, 0 PO3rIISIAE€THCS, TAKOXK IMiATBEPIKYETHCS KIIBKICTIO iTeparii
Ta aOCOJMIOTHUM 3HAYCHHSM MaKCHMAaJbHOI HEB SI3KH B OOMEKEHHSIX.

KiarouoBi cjoBa: mnapaMerpuyHa ONTHMI3allis, 3ajada HEIIHIHHONO MpPOrpaMyBaHHs,
rpaieHTHUN METO/I, CTEeP)KHEBA CUCTEMa, METO/] CKIHUCHUX EJIEMEHTIB

Peleshko 1. D., Yurchenko V. V.
AN IMPROVED GRADIENT-BASED METHOD TO SOLVE PARAMETRIC
OPTIMISATION PROBLEMS OF THE BAR STRUCTURES

The paper considers parametric optimisation problems for the bar structures formulated as non-
linear programming tasks. In the paper a gradient-based method is considered as investigated object.
The main research question is the development of mathematical support and numerical algorithm to
solve parametric optimisation problems of the building structures with orientation on software
implementation in a computer-aided design system.

The method of the objective function gradient projection onto the active constraints surface with
simultaneous correction of the constraints violations has been used to solve the parametric
optimisation problem. Equivalent Householder transformations of the resolving equations of the
method have been proposed by the paper. They increase numerical efficiency of the algorithm
developed based on the method under consideration. Additionally, proposed improvement for the
gradient-based method also consists of equivalent Givens transformations of the resolving equations.
They ensure acceleration of the iterative searching process in the specified cases described by the
paper due to decreasing the amount of calculations. Lengths of the gradient vectors for objective
function, as well as for constraints remain as they were in scope of the proposed equivalent
transformations ensuring the reliability of the optimisation algorithm.

The comparison of the optimisation results of truss structures presented by the paper confirms
the validity of the optimum solutions obtained using proposed improvement of the gradient-based
method. Start values of the design variables have no influence on the optimum solution of the non-
linear problem confirming in such way accuracy and validity of the optimum solutions obtained
using the algorithm developed based on the presented improved gradient-based method. The
efficiency of the propoced improvement of the gradient-based method has been also confirmed
taking into account the number of iterations and absolute value of the maximum violation in the
constraints.

Keywords: bar system, parametric optimisation, non-linear programming task, gradient-based
method, finite-element method
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Ilenewxo U. /I., FOpuenxo B. B.
VIYYIIEHHBIA TPAIUEHTHBIA METO/ 1J1S PEIUEHUS 3AJIAY
HNAPAMETPUYECKOM ONITUMU3ALIAA CTEPKHEBBIX KOHCTPYKIMIA

B cratee paccMmatpuBarOTCA  3aJayd  I1apaMETPUUYECKOH  ONTHMH3ALUU  CTEP)KHEBBIX
KOHCTPYKIHH, GOPMYJIMpYEMbIe B TEPMUHAX 3a/la4d HEJIMHEHHOro mporpaMmmupoBanus. O0beKTOM
HCCIICIOBAHMUSI BBICTYIIAeT METOJ, 0a3HpYyIOIHIACS Ha BBIYMCICHHH I'PAAHECHTOB (DYHKUMH LEIH U
OrpaHMYEHMH, a 3aJaueldl  MCCIeoBaHMA  CIYXKHMT  pa3padoTKa  MaTeMaTU4ecKoro |
AITOPUTMHYECKOT0  OOeCmedeHns] A1 peLIeHHs] 3ajad  [apaMeTPUUYEecKOd  ONTHMH3ALHU
KOHCTPYKLMH IIPY OPUEHTALMK Ha NPOrpaMMHYI0 PEaM3aLii0 B CUCTEME aBTOMaTH3MPOBAHHOIO
IPOCKTHPOBAHUSL.

HJ’IS{ peeHus  3amayd l'lapaMeTpl/l‘-leCKOﬁ ONTUMHU3ALUU HUCHOJB3YECTCA METOL MNPOCKUHUU
rpaguc€Hra d)yHKLll/ll/l OEJIA Ha IOBCPXHOCTb AKTUBHBIX OFpaHl/l‘-leHl/lﬁ C OLlHOBpeMCHHOﬁ
HMKBH}lauMeﬁ HEBSA30K B Or'paHUYCHUAX. B CTaTh€ MNPEATIOXKEHBI JKBUBAJICHTHBIC npeoﬁpaSOBaHm{
Xaycxongepa Uil paspellaloliMX ypPaBHEHUH paccMaTpUBaeMOro MeEToJa  ONTHMHU3AlLlMY,
HOBBIIAIOLINE YHCICHHYIO d()()EKTUBHOCTD aNropuT™Ma, pa3paboTaHHOr0 Ha OCHOBE I'PAJANEHTHOIO
Mmeroza. Kpome Toro, npeuioxeHsl 3KBUBaJICHTHbIE NpeodpazoBanus ['MBeHCa 1l pa3pelaroInx
YPaBHEHUH paccMaTpUBaEeMOro METO/a, 00ECIeUNBAIOIIME B ONPEIEIEHHBIX CIIy4asiX, OrOBOPEHHBIX
B CTaTbe, YCKOPEHHE MTEPALMOHHOrO IpOLlecca IOMCKA ONTHUMAJIbHOIO PEIIEHHs BCIEACTBHE
yMeHbLICHNS] 00beMa BbIYUCICHU. JJIMHBI BEKTOPOB I'PAANCHTOB (GYHKIMH LIEIH M OrPaHMYCHUIH
MaTeMaTl/l“leCKOi;l MOJCJIN OCTarTCA HEU3MECHHbBIMH npu NPEATIOKEHHBIX 3KBHUBAJICHTHBIX
1peoOpa3oBaHMsIX, YTO 00ECIICINBACT HAASKHOCTD ONTHMH3ALMOHHOT O AT OPUTMA.

CpaBHeHl/le PE3YJIbTAaTOB ONITUMHU3ALMOHHBIX PACYE€TOB CTECPKHEBBIX CUCTEM, NPEIACTABJICHHBIX
B CTAaTh€, MOABEPKIAACT NOCTOBEPHOCTb OITUMAJIBHBIX pemeﬂnﬁ, INOJIy4€HHBIX C HCIIOJIb30BaHUE
HPEATIOKEHHOTO YIyqIICHUs] TPAANEHTHOr0 MeToAa. DPPEKTHBHOCTD NPEAIOKEHHOIO YIydIICHHs
paccMaTpuBaeMOro MeETOJa ONTUMU3ALMU TAKXKE IOATBEPXKIACTCS KOJIMYECTBOM HTEpaluidl M
a0COJIIOTHIM 3HAYCHHEM MaKCUMaJIbHOM HEBS3KH B O'PAHHYCHUSIX.

KirodeBble c1oBa: cTepKHEBas KOHCTPYKLHMS, apaMeTpuyeckas ONTHMH3ALUs, HeJIMHEHHOe
nporpaMMHUpOBaHUE, Fpa}ll/leHTHblﬁ METO/, METOJI KOHCYHBIX 3JICMCHTOB

YK 519.853, 624.04
Ilenewxo 1. /., IOpuenxo B. B. Moaugikauis rpagieHTHOro MeToay /IJsi Po3B’sI3Ky 3aaa4d
napaMeTpU4HOI onTHUMi3amii cTep:KHeBUX KOHCTPyKWiil / Omip MarepianiB i Teopis crmopyn:
Hayk.-Tex. 30ipH. — K.: KHYBA, 2020. — Bun. 104. — C. 265-288.

Y emammi pozenadaiomuvcs 3a0aui napamempuynoi onmumizayii cmepoicHesux KOHCMpYKYil,
KL (PopMYIOIOMbCSL 6 MEPMIHAX 3a0ayi HeniHiliHo20 npozpamysanns. s po3e’s3ky 3adau
napamempuuHoi onmumizayii GUKOPUCMOBYEMbCL MemMo0 npoekyii epadienma Qyukyii memu Ha
NOBEPXHIO AKMUBHUX 0OMEMNCeHb 3 0OHOUACHOIO NIKGIOayiclo Hed 830K 6 oOmedxcennsx. Y cmammi
3anpononosami  exeiganeHmHi nepemeopenns Xaycxonoepa Onsi  pO36 SA3VEANbHUX  PIBHAHb
PO321S0Y6AH020  MemoOdy — onmumizayii, sKi niOSUWYIOMb  00YUCTIOBANbHY  eeKmueHicmy
aneopummy, pospobreHoeo Ha OCHOSI epadichmnozo memody. OKpiM mo2o 3anpononoeami
ekgieanenmni nepemeopenns lisenca Onsi po36’si3y8aNbHUX PIiGHAHb PO32NA0YEAHO20 MEmOOY, AKI
051 BUBHAYEHUX BUNAOKIB, OOYMOGIEHUX Y CINAMINI, NPUMEUOULYIONb TMePayiiHuil npoyec NOUWyKy
ONMUMANLHO20 DPO38SI3KY 6HACTIOOK CKOpouenHs obcsagy obuucaenv. Ilopiensanna pesynomamie
ONMUMI3AYIHUX PO3PAXYHKIE CMEPIHCHeSUX CUCMeM, Npeocmasiene y Cmammi, niomeeporiCcye
0oCcmogipHicmb  ONMUMATGHUX — PO36 SI3KI6, OMPUMAHUX 3 GUKOPUCMAHHAM  3ANPONOHOBAHOI
MoOuikayii 2padieHmno20 memooy.
In. 6. Tabx. 9. bi6mior. 18 Ha3zs.

UDC 519.853, 624.04
Peleshko I. D., Yurchenko V. V. An improved gradient-based method to solve parametric
optimisation problems of the bar structures // Strength of Materials and Theory of Structures:
Scientific-and-technical collected articles — Kyiv: KNUBA, 2020. — Issue 104. — P. 265-288.

The paper considers parametric optimisation problems for the bar structures formulated as
non-linear programming tasks. The method of the objective function gradient projection onto the
active constraints surface with simultaneous correction of the constraints violations has been used



288 ISSN 2410-2547
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2020. Ne 104

to solve the parametric optimisation problem. Equivalent Householder transformations of the
resolving equations of the method have been proposed by the paper. They increase numerical
efficiency of the algorithm developed based on the method under consideration. Additionally,
proposed improvement for the gradient-based method also consists of equivalent Givens
transformations of the resolving equations. They ensure acceleration of the iterative searching
process in the specified cases described by the paper due to decreasing the amount of calculations.
The comparison of the optimisation results of truss structures presented by the paper confirms the
validity of the optimum solutions obtained using proposed improvement of the gradient-based
method.

Figs. 6. Tabs. 9. Refs. 18.

VK 519.853, 624.04

Ilenewxo U. /., FOpuenxo B. B. Yay4llleHHbIH TpPagueHTHBIH MeTOJ IJsl pelieHHs] 3aJa4
napamMeTpU4ecKoil ONTUMHM3ALUU CTePKHeBbIX KOHCTPYKUMiA / ConpoTHBIIEHHE MAaTEPUAIIOB U
TEOpHs COOPYKeHHil: Hayd.- Tex. coopH. — K.: KHYCA, 2020. — Bein. 104. — C. 265-288.

B cmamve paccmampusaiomca  3a0avu  napamempuieckou ONMuMusayuu  CMmepi*CHesbixX
KOHCMPYKYUU, (hopmyaupyemvlie 6 MepMuHax 3a0ayu HeIUHEUHO20 Npocpammuposanus. s
pewenuss maxkux 3a0ay UCHOIb3Yencs Memoo NPpoeKyuu 2paouenma GYHKYuY yeiu Ha nogepxXHoCnG
AKMUBHBIX 0SPAHUYEHUL ¢ 0OHOBPEMEHHOU uUKeudayuel Heesi30K 6 ozpanudenusx. Ilpednooicennvl
aKeusanenmmuule npeobpasosanus Xaycxondepa o paspemaiomux ypasHeHutl paccmampugaemozo
Memooa — onmumuzayuu, — obecnewugalowjue  HUCIEHHYIO  dpdexmusnocmy  aneopumma,
paspabomanno2o Ha ocHoge 2paduenmnozo memooda. Kpome moeo, npednodicenvi Ixeuganrenmmvle
npeobpasosanusi  Tusenca Onsi  paspewlaiowux — ypagHenull  paccMampueéaemozo  Memood,
obecneuugaiowue 8 ONPeOeeHHbIX CAYUAsX, 02060PEHHbIX 6 CMAmbve, YCKOPEHUue umepayuoHHo20
npoyecca NOUCKA ONMUMAILHO20 PpeuleHuss B8Cle0Cmeue YMeHbUeHUs 00bemMa BblNUCTeHU.
CpasHenue pe3yibmamos onMUMU3AYUOHHBIX PACYEMO6 CINEPHCHEBLIX CUCIEM, NPEeOCMABIEHHbIX 6
cmambve, noosepxicoaenm 00CMOBEPHOCHL ONMUMATLHBIX PeuleHUll, NOAYYeHHbIX ¢ UCNOIb3068aAHUE
npeonodCeHHO20 YAYUUeHUsl 2PAOUCHMHO20 MeMOoOd.
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The paper gives definition of design reliability of eccentric compressed reinforced concrete
columns under the action of low-cyclic loads with alternating eccentricities. Based on theoretical
researches and using the experimental data the numerical example of defining the design reliability
of aforesaid elements was made. The value of eccentricity, level and loading conditions influence
essentially on reversal of physical and mechanical properties of materials, since these parameters are
considered as random variables from which reliability, constructive reliability and long-term
durability of eccentric compressed elements are depended. During estimating the column reliability,
it was used the existed method of reliability calculation of building constructions under the action of
single-stage steady loads in accordance with existing norms. It was justified statistically the
definition of the reversal of physical and mechanical properties of concrete during determining the
coefficient of operating conditions. These reversals were taking into account during operating the
eccentric compressed elements under action of low-cyclic alternating loads.

Keywords: eccentric compression, low-cyclic loads, alternating eccentricity, reliability.

Introduction. Construction is one of the materials-intensive manufacturing
industries, the development of which requires continuous improvement of
calculation methods and design of reinforced concrete structures, aimed at
ensuring their reliability in operation while reducing material consumption and
other costs. The limit state method, which is contained in the current regulatory
documents, allows providing bearing capacity of the reinforced concrete
eccentrically compressed elements due to the use of various coefficients of
reliability and responsibility of the structure. However, the sufficient bearing
capacity of the element does not guarantee its sufficient reliability, the
quantitative assessment of which is unknown at the stage of the design of a
building. Reliability and economy are the prerequisites for the design,

© Masiuk H.Kh., Aleksiievets V.I., Aleksiievets L.I., Masiuk V.H.
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construction and operation of buildings and structures. The need to ensure a
high level of reliability of buildings, structures and their structural elements is
quite obvious, since their failure, including possible accidents and destruction,
leads to great economic losses, dangerous environmental consequences, and
sometimes catastrophic casualties. The experience in the construction and
operation of construction sites shows that the same type of buildings and
structures that are constructed and operated under similar conditions, or their
separate structural elements, fail with different random occurrence. It is almost
impossible to accurately determine the service life of a building structure or
building as a whole, and it is only possible to estimate the likelihood that this
building or structure will be used for a given period. Therefore, the methods of
assessing the reliability of structural elements requires credible information
about the variability of the strength parameters of building materials, the
magnitude of loads and their nature as random deviations from the calculation
models, etc. Of all the factors that affect the reliability of structures and
buildings in general, loading and its actions are the most uncertain values with
large statistical errors. Therefore, the study of the variability of loading regimes
plays a major role in the issues of reliability and structural safety of structural
units, buildings and structures.

Analysis of recent publications on this topic. Formation and development
of reliability fundamentals in construction originated in the late twenties of the
last century in the works of M. Mayer [1] and M. F. Khotsialov [2]. Later, in the
late forties of the last century, the modern interpretation of the concept of
reliability in the field of construction industry is associated, first and foremost,
with the works of M. S. Streletsky [3] and A. R. Rzhanitsyn [4]. It was in these
works that the fundamental definitions of the modern theory of the reliability of
buildings and structures were laid, in which not only the statistical nature of
variability of the strength characteristics of materials, but also the loading
parameters were considered, and the necessity of the probabilistic assessment of
the reliability of a building or structure was proved. It was A.R. Rajcinin who
formulated the basic principles of the concept of security of a building or
structure, which are the basic principles of the whole theory of reliability.
Somewhat later, basic research on the problem of reliability using probabilistic
models was conducted by such scientists as V. V. Bolotin [5], V. D. Reiser
[6,7], A.P. Kudzis [8]. Variability studies of the main factors affecting the
reliability of structural elements, including statistical analysis of the physical
and mechanical characteristics of concrete and reinforcing steel, were carried
out by A.Ya.Barashikov [9,10], M. M. Zastava [11], O. S Lychev [12] and
others. The significant contribution to the improvement of the methods of
calculating the reliability of structures was made by V. A. Perlmuter [13,14],
A. 1. Lantuh-Lyashchenko [15], S.F. Pichugin [16,17], O. V. Semko [18],
V. A. Pashinsky [19], S.B. Usakovsky [20], R. 1. Kinash [21] and others.
Among the foreign scientists working in the field of reliability, a significant role
belongs to A. H-S. Ang [22], A. M. Frendenhal [23], O. Ditlevsen and H. O.
Madsen [24], R. E. Melchers, M. A. Ahammed [25] and others.
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Research objective. To determine, on the basis of experimental and
theoretical studies, a calculated estimate of the reliability of reinforced concrete
eccentrically compressed columns under the action of low cycle loading with
alternating eccentricities.

Research findings. The use of eccentrically compressed elements is quite
common in buildings and structures. The loads acting on such elements are quite
diverse — from constant static to low cyclic repetitions and alternating ones. The
latter loads cause special conditions of such elements operation, causing
changes in the physical-mechanical and deformative characteristics of materials,
affecting the processes of cracking, crack opening and their deformability,
which in turn affects their operation reliability and durability. Eccentrically
compressed reinforced concrete elements, which are tested in the course of
operation, low-cycle alternating loading, include columns of single-storey and
multi-storey industrial buildings and various structures, racks of crane and
transport trestles, elements of buttress retaining walls. In addition, such a
stressful condition in structures may occur during the reconstruction of
buildings or structures, as well as in emergency situations.

In the laboratory of the Department of Industrial and Civil Construction, and
Engineering Structures, the authors conducted comprehensive experimental
studies of the work of eccentrically compressed columns under the action of
low-cycle loading of varying intensity with alternating eccentricities.
Experimental specimens of bxAx/ — 100x160x3000 mm in size were made of
C16/20 and C20/25 concrete. Reinforcement of columns was carried out by
spatial frames. Four rods with a diameter of 12 mm of class A400C were
adopted as working reinforcement, and a cross bar of steel of class B500 with a
diameter of 4 mm in 150 mm was used as transverse reinforcement. The
columns were tested for eccentric compression after 30 days of exploitation and
more in special settings. Longitudinal force was alternately applied with
eccentricities e;=10 cm through the steel head. The modes of low cycle
alternating loads for different columns were at different levels and varied from
7n=0.3 to #=0.85. The methodology of experimental research is presented in
detail in [26].

A detailed analysis of the experimental studies showed that alternating low
cycle loading at low levels of #=0.3 slightly increase the load-carrying capacity
of eccentrically compressed elements compared to those subjected to eccentric
compression by a single short-term static loading. The load carrying capacity,
depending on the loading level, was in the range of 8% ... 12%. This is due to a
certain compaction of early-age concrete, although at higher loading levels this
effect of increasing bearing capacity was counterbalanced. And at the level of
7n=0.85, the load carrying capacity even decreased to 7% ... 10%, as cracks
appeared in the stretched zone of concrete, which violated the integrity of the
section. In this case, only the central part of the section was sealed. In [27], a
theoretical determination of the load carrying capacity of eccentrically
compressed elements under the action of low-cycle loading with alternating
eccentricities is provided, taking into account second-order effects that increase
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the value of the initial eccentricity of applying compressive forces. The
theoretical calculations of the load carrying capacity of the above elements were
performed in accordance with the current regulatory documents [28] and [29].
Therefore, let us determine the calculated reliability of eccentrically compressed
elements undergoing low cycle loading with alternating eccentricities, using
experimental data based on a numerical example. To determine the design
reliability, we consider the data of the columns with the lowest load carrying
capacity using a statistical analysis of the variability of their parameters
(accepted mean values).

The estimated reliability of the columns is evaluated according to the
methodology outlined in [17], in accordance with the requirements [30]. The
values of [f]=4,75 and [f]=3,89 are taken as the normative indicator of
reliability according to the current norms in the calculations of building
structures, respectively, according to the first and second groups of limit state,
considering that they belong to buildings of the CC2 consequences class and the
structures of A responsibility category.

Numerical example of calculation. Output data: column cross section
dimensions — bxh=100x160 mm; a=a’=15 mm; working longitudinal
reinforcement — 2 rods on each side with a diameter of 12 mm of A400C class
(4= 4] =2,26 cm?), Jya =365 MPa, £, =300 MPa (the value is taken from the

experimental data); concrete grade C20/25, f,; =17 MPa; height of columns

H=300 cm. The compressive force acting on the columns is applied with
eccentricity ep=10 cm. The destruction of the column began at N,=130 kN. The
collapse of the column occurred at the bending moment.
M,=N, e=130-10=1300 kNcm=13 kNm.

Statistical characteristics of materials: concrete C20/25

- mathematical expectation

— Ja 17
% 11,64V, 1-1.64-0.135
64V, 1-1.64-0,

where V, - coefficient of variation;

=21.83 MPa=2.18 kN/cm?,

- standard
6.=6, -V, =21.83-0.135=2.95MPa=0.295kN/cm? ;

reinforcing steel A400C
- mathematical expectation

&, = f,g=365MPa=36.5 kN/cm?;
Gy = frq=300MPa=30kN/em? ;

- standard
6, =5, -V, =365-0.0436=15.91MPa=1.59 kN/cm?;
6, =&, -V, =300-0.0436=13.08MPa=1.31kN/cm?,

where V; =0.0436 according to table 2.31 [17] — coefficient of variation.
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Numerical characteristics of stresses:
- mathematical expectation of resisting moment
_ _ (G A, — G, A
M, =0,4,d -0, Aja’— 0.5% =
(36.5-2.26-30-2.26)*

=36.5-2.26-14.5-30-2.26-1.5-0.5 21810

=1089.45kNcm;

- resisting moment standard

i =6 5 0,4, G, A
M =O'SASd—O' -Afa’—O.SM:

u scts Ab

O-C
(1.59-2.26 —1.31-2.26)?
=1.59-2.26-14.5-1.31-2.26-1.5—-0. =46.95kN cm;
1.59-2.26-14.5-1.31-2.26-1.5-0.5 039510 6.95kN cm;

- mathematical expectation of compression force

N, =G,A,+G A, +G.bh=365-2.26+30-2.26+2.18-10-16 = 499.07kN;

sces
- compression force standard

N,=0,4,+0,A4;+0.bh=1.59-226+1.31-2.26+0.295-10-16 = 56.75kN;
Geometric characteristics of the cross section of columns: 4=160cm?,
W=426.7cm’, i =2.67cm.
Using column cross-section parameters, a number of calculations can be
performed:

- relative eccentricity
_M,4 _ 1089.45-160
N, 499.07-426.7

- given relative eccentricity
My =1m =1.58-0.819 =1.29,

=0.819;

N

where
n=(1.75-0.1m)—0.02(5—m) =(1.75-0.1-0.819) - 0.02(5-0.819) =1.58 -
the coefficient taking into account the shape of the cross section.
Column flexibility — A = H/b =300/10 = 30.

Relative flexibility — 2 = 4./, /E, =30y/365/(210°) =1.28,

We determine the numerical characteristics of the column stability reserve:
- mathematical expectation

= = N,-10 :
v=7 u 00 499.07-10

_ =241.56MP
W Lb(1-C gy ) 160-0.594(1-0.817-0.119) &

where
b=K,-K,1gA=0.7-0.62:0.117=0.627 , C=K5-K, /b=0.943-0.075/10=0.934,
coefficients K;,K,,K3,K, are taken according to [17].
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To determine the standard of the column stability reserve, we define the
coefficients A4;,A4,,4; under the conditions provided in [17].
Clgm,+C-d-1 ) . _
_ Lriemy ~ _0.9340.119+0.934 0'434321=—0.61-10_2 em™,
A-b(1-C-lgm, )" 160-0.627(1-0.934-0.119)
_ Cdn _ 0.934-0.43431.58
’ bitiye W (1-Cilgim,; )’ 0.627:0.119-426.7(1-0.9340.119)°

=-2.025510%cm ™!,

where d=0.4343 is the module of transition from natural to decimal
logarithms.
The standard of the column stability reserve is determined by the formula:
n
i=1
= 10J12 32 +(=0.61-1072)% -53.75% + (=2.0255-1072)? - 46.95> =33.924.

The safety characteristics proved to be equal: ﬂzL—M

Y 33.924
under the normal stability distribution gives the probability of failure of the
column according to the table D3 [17] O =1.30- 10712,

As one can see, the discovered safety characteristics of the investigated
columns significantly exceed the normative index: f=7.12>[5]=4.75.

X2 =402+ a2 NP+ A2 M =

~)
1l

=7.12, that

Conclusions. Based on the analysis of experimental and theoretical studies
of the operation of reinforced concrete eccentrically compressed columns
operating under the action of low cycle loading with alternating eccentricities,
the calculated reliability of such columns is numerically determined. It should
be noted that the reliability of these structures under the above loading during
operation will be ensured.
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Maciok I' X., Anexcieseyw B.1., Anexciceeys 1.1., Maciox B.I'.

PO3PAXYHKOBA HAJIMHICTH MO3AIIEHTPOBO CTUCHYTUX
3AJI30BETOHHUX KOJIOH 3A JIIi MAJIO IUKJIOBUX HABAHTAXKEHD I3
3HAKO3MIHHUMU EKCUEHTPUCUTETAMMU

CraTTsi OpHCBSMECHA BH3HAYCHHIO PO3PAaXyHKOBOI HAMIHHOCTI I103ALIEHTPOBO CTHCHYTHX
3ai300€TOHHUX ~ EJNEMEHTIB 3a  [il MaJOLMKIOBHX  HABAaHTAXKCHb 13  3HAKO3MIHHUMHU
eKxcieHTpucuTeTaMu. Li eeMeHTH € o CyTi cCaMHMHU MaTOAOCIIKEHUMHU 3 TOYKU 30py HaIiHHOCTI
OyaiBeIbHUX KOHCTPYKIIH.

Taxe MoNOXKeHHsI 00YMOBIICHE THM, IO OKPIM TPYZHOIIB 3 IMOBIPHICHHM OIHCOM PEaJbHHX
HABaHTAXKCHb, OCOOJIMBO THMYacOBHX (KPaHOBHX, CHIrOBHX a00 BITPOBMX), OLIHKAa HaIiHHOCTI
H03aL[CHTPOBO CTHCHYTHX CJEMEHTIB, B TOMY YHCIi I BHKOHAHHX 3 TAaKOro a00pe BHBYCHOIO
MaTepially, SIKUM € 3aJ1i300€TOH, OB s3aHa 3 ypaxyBaHHIM [€OMETPHYHOI i (i3NUHOI HENiHIHOCTI.

Bax/nMBO MiIKPECHUTH, IO IMOBIPHICHHM aHali3 TaKWX EJIEMEHTIB, OCOOJMBO B YacTHHI
0OIPYHTOBAHOTO PO3PAaXyHKY CIIOJYYCHHS 3YCHJIb, MOXE JaTH IMOMITHHN e(eKT, OCKiIbKH Ha
HPAKTHII caMe IT03aLEHTPOBO CTHCHYTI eJeMeHTH (CTifKH, KOJOHHM Ta iHIIi) 3aBaHTa)KeHi HaHOLIbII
IIMPOKUM HaOOPOM BHIIaJAKOBHX HABAHTAXKCHb.

Ha OCHOBI TEOPETMYHHMX  [OCIHIDKEHb, BHKOPHCTOBYIOUM  CKCIICPHMCHTAIBHI  JaHi
BUIIPOOYBAHUX €JICMCHTIB, BUKOHAHUH YMCIOBHI MPHKJIAA BU3HAYCHHS PO3paxyHKOBOI HamifHOCTI
BHIIC 3a3HAYCHHX eJieMeHTIB. OCKUIBKM BENIMYMHA EKCLCHTPUCHUTETY, PIBEHb 1 XapakTep
HABaHTAXKCHb CYTTEBO BIUIMBAIOTH HA 3MiHY ()i3MKO-MEXaHIYHHMX BJIACTUBOCTEH MarepiaiB, Tak sIK
i MmapaMeTpd BBAXKAKOTHCS BHIIAQJKOBUMH BEIMYMHAMH BiJl SIKMUX 1 3aJIOKUTh HaAiHHICTD,
KOHCTPYKTHBHA Oe3leka 1 [OBrOBIYHICTh IO3ALEHTPOBO CTHCHYTHX €IEMEHTIB B MpOLEci
eKCIITyaTarii.

Ilpu BU3HAYCHHI pPO3PAaXyHKOBOI HAMIMHOCTI MO3ALEHTPOBO CTHCHYTHX KOJIOH 3a [ii
MAJIOLIMKJIOBIX HAaBAaHT@KEHb I3 3HAKO3MIHHUMH CKCLICHTPUCHTETAMH BHKOPHCTAHO ICHYIOUY
METOJIMKY PO3pPaxyHKY OLHKM HaJidHOCTI OyIiBeIbHUX KOHCTPYKIIM 3a Mii OJHOKpaTHHX
CTATUYHHUX HABAHTAXKEHb 3 JOTPHMAHHIM YMHHHX HOPMATHBHHMX NOKYMCHTIB. BH3HaueHHs 3MiHH
(hi3uKO-MeXaHIYHNX BIACTHBOCTEH OETOHY 1 apMaTypH, Py BU3HAYCHHI KoedilieHTa yMOB pOOOTH
3a 7ii BUIle BKa3aHMX HaBaHTaKeHb, OOIPYHTOBAHO cTaTUCTH4HO. L[i 3MiHM BpaxoBaHO y pobOTI
HO3aLEHTPOBO CTHCHYTHX KOJOH 3a Jil MAaJOLMKJIOBHX 3HAKO3MIHHMX HaBaHTAXCHb IIPU
BH3HAUYCHHI 1X PO3PaXyHKOBOI OL[IHKH HAAIHHOCTI.

Kiaro4oBi cJioBa: T103aLEHTPOBUH CTHCK, Maj0 IMKIOBE HABAHTAXXCHHS, 3HAKO3MIiHHHI
EKCLICHTPUCHUTET, HAMIHHICTh.

Masiuk H.Kh., Aleksiievets V.1., Aleksiievets I.1., Masiuk V.H.
CALCULATED RELIABILITY OF ECCENTRICALLY COMPRESSED CONCRETE
COLUMNS UNDER THE ACTION OF LOW CYCLE LOADING WITH ALTERNATING
ECCENTRICITES

The paper gives definition of design reliability of eccentric compressed reinforced concrete
columns under the action of low-cyclic loads with alternating eccentricities. In particular, these
elements are underexplored in terms of building constructions reliability.

Such condition is due to the fact that, besides difficulties with the probabilistic description of
actual loads, especially temporary ones (crane, snow or wind), the reliability estimation of eccentric
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compressed elements, including elements which were made of well-researched material such as
reinforced concrete, is connected with taking into account geometric and physical nonlinearity.

It is necessary to emphasize, the probabilistic analysis of such elements, especially in part of
justified calculation of coupling forces, can give significant impact since in practice the eccentric
compressed elements (studs, columns, etc.) are loaded by the widest set of random loads.

Based on theoretical researches and using the experimental data the numerical example of
defining the design reliability of aforesaid elements was made. Since the value of eccentricity, level
and loading conditions influence essentially on change of physical and mechanical properties of
materials, therefore, these parameters are considered as random variables from which reliability,
constructive reliability and long-term durability of eccentric compressed elements are depended
during operating process.

During defining the design reliability of eccentric compressed columns under action of low-
cyclic alternating loads, it was used the existed method of calculating the estimation of building
constructions reliability under the action of single-stage steady loads in accordance with normative
documents. It was justified statistically the definition of the change of physical and mechanical
properties of concrete and reinforcing steel during determining the coefficient of operating
conditions. These changes were taking into account during operating the eccentric compressed
columns under action of low-cyclic alternating loads during defining the designing estimate of
reliability.

Keywords: eccentric compression, low-cyclic loads, alternating eccentricity, reliability.

YK 624.012.45:624.012.36

Macwk I'X., Anekcieseyv B.l., Anekcieseyv 1.1, Macwox B.I. Po3paxyHkoBa HajiiiHicTb
M03alleHTPOBO CTHCHYTHUX 3a1i300€TOHHHX KOJIOH 3a il Maj0 IUKJOBHX HABaHTaXKeHb i3
3HAKO3MIHHUMH eKcIeHTpucuTeTamu /Omnip MaTepiaiiB i Teopis cropyX: HaykK.-TeX. 30ipHHK. —
K.:KHVYBA, 2020. — Bun. 104. — C. 289-298.

Cmamms npucesuena 6U3HAYEHHIO PO3PAXYHKOBOI HAOIUHOCMI NO3AYeHMpPOBO CMUCHYMUX
3ani300eMOHHUX  elleMenmie  3a Ol  Malo YUKIOBUX HABAHMANCEHb I3  3HAKO3MIHHUMU
eKCYeHmpucumemamu. Ha ocHoGi meopemuuHux docriodnceny, BUKOPUCINOBYIOUU
eKCnepuUMeHmanbti O0ami, SUKOHAHUL YUCTOBUL NPUKIAO SUHAYEHHS PO3PAXYHKOB0I HAOIUHOCMI
sulye 3a3HaueHux enemeHnmis. Benuuuna excyemmpucumemy, pieenv i Xapakmep HABAHMANACEHb
CYMmMESO 6NAUSAIOMb HA 3MIHY (DI3UKO-MEeXaHiMHUX elacmueocmetl mamepianie, maxk sK yi
napamempu  66ajicalomvCs  BUNAOKOBUMU — GEIUYUHAMU 60 AKUX | 3anedcumb HAOIliHICMb,
KOHCMPYKMueHa 6e3neka i 006206IUHICIb NO3AYeHmpogo cmuchymux eiemenmis. Ilpu eusnavenni
OYIHKU HAOIIHOCMI KOJOH SUKOPUCIAHO ICHYIOYY MEMOOUKY PO3PAXYHKY HAOIUHOCMI 0)0igenbHUX
KOHCMPYKYid 3a Oii 0OHOKPAMHUX CMAMUYHUX HABAHMANCEHb 3 OOMPUMAHHAM YUHHUX HOPM.
Busnauennst 3minu (izuko-mexanivHux gracmugocmei OemoHy npu 6UHAYEHHI KoepiyicHma ymos
pobomu, o6pynmosano cmamucmuuno. Bpaxoeano yi 3minu y po6omi no3ayenmposo CmucHymux
eneMenmie 3a Oii Mano Yukio6UxX 3HAKOSMIHHUX HABAHMACEHD.

Tabua. 0. L. 0. bi6miorp. 30 Ha3s.

UDC 624.012.45:624.012.36

Masiuk H.Kh., Aleksiievets V.1, Aleksiievets 11, Masiuk V.H. Calculated reliability of
eccentrically compressed concrete columns under the action of low cycle loading with
alternating eccentricities / Strength of Materials and Theory of Structures: Scientific-and-technical
collected articles — Kyiv: KNUBA, 2020. — Issue 104. — P. 289-298.

The paper gives definition of design reliability of eccentric compressed reinforced concrete
columns under the action of low-cyclic loads with alternating eccentricities. Based on theoretical
researches and using the experimental data the numerical example of defining the design reliability
of aforesaid elements was made. The value of eccentricity, level and loading conditions influence
essentially on reversal of physical and mechanical properties of materials, since these parameters
are considered as random variables from which reliability, constructive reliability and long-term
durability of eccentric compressed elements are depended. During estimating the column reliability,
it was used the existed method of reliability calculation of building constructions under the action of
single-stage steady loads in accordance with existing norms. It was justified statistically the
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definition of the reversal of physical and mechanical properties of concrete during determining the
coefficient of operating conditions. These reversals were taking into account during operating the
eccentric compressed elements under action of low-cyclic alternating loads.

Tabl. 0. I1. 0. Ref. 30.
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The article presents an algorithm for solving linked problems of thermoelasticity of elastomeric
structural elements on the basis of a moment scheme of finite elements. To model the processes of
thermoelastic deformation of structures with initial stresses the incremental theory of a deformed solid
is used. At each step of deformation, the stiffness matrix is adjusted using an incremental geometric
stiffness matrix. The use of triple approximation of displacements, deformations and volume change
function allows to consider the weak compressibility of elastomers. The components of the stress tensor
are calculated according to the Duhamel-Neumann law. To solve the problem of thermal conductivity, a
thermal conductivity matrix considering the boundary conditions on the surface of a finite element is
constructed. A sequential approximation algorithm is used to solve the thermoelasticity problem. At
each stage of the solution, the characteristics of the thermal stress state are calculated. Based on the
obtained components of stress and strain tensors, the intensity of internal heat sources is calculated as
the dissipative energy averaged over the load cycle. To calculate the dissipative characteristics of the
viscoelastic elastomer the parameters of the Rabotnov’s relaxation nucleus are used. Solving the
problem of thermal conductivity considering the function of internal heat sources allows you to specify
the heating temperature of the body. At each cycle of the algorithm, the values of the physical and
mechanical characteristics of the thermosensitive material are refined. This approach to solving
thermoelastic problems is implemented in the computing complex "MIRELA+". Based on the
considered approach, the solutions of a number of problems are obtained. The results obtained
satisfactorily coincide with the solutions of other authors. Considering the effect of preload and the
dependence of physical and mechanical properties of the material on temperature leads to significant
adjustments to the calculated values.

Key words: finite element method, elastomer, thermoelasticity, dissipative warming, initial
stresses.

Introduction. In solving related problems of thermoelasticity of elastomeric
structural elements, various theories and approaches are used, which are based
on the relations of the thermoelasticity obtained by many researchers [1-6] and
others. One of the most important criteria for the study of viscoelastic bodies
with a non-uniform temperature field is to take into account the temperature
dependence of physical and thermophysical characteristics of the material:

© Bazhenov V.A., Kozub Yu.G., Solodei LI
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modulus of elasticity or shear modulus, coefficient of thermal expansion and
coefficient of thermal conductivity

In the case of a slight increase in temperature, its effect on the mechanical
behaviour of the viscoelastic body can be neglected and an unrelated problem of
thermovisoelasticity can be considered. This approach is reflected in [7] and others.

When using a coupled linear model, the temperature and thermoelastic states
are determined by the solution of the system, which consists of the equations of
thermal conductivity, classical equations of motion, Hooke's law equations and
classical compatibility equations [8-11], etc.

It is obvious that all thermomechanical processes depend on time and for
their research there are problems called non-stationary (dynamic). However, we
can identify a number of processes, thermomechanical state, during which,
although it changes over time, but from a certain point in time, the system
comes to a stationary (static) state, which does not depend on time. In addition,
it should be noted that elastomers are a nonlinear viscoelastic material and their
stress-strain state depends on the load history.

1. Problem statement and its solution. The formulation of the related
problem for a quasi-stationary formulation can be represented as the equation
Biot and the equation of thermal conductivity [11].

The formulation of the initial provisions for the description of the
deformation process considering the initial stresses will begin with the
representation of this process as a sequence of equilibrium states:

Q®.0M @ oM . o®)

where Q(O), Q") _ initial and final state of deformation respectively; Qm .

arbitrary intermediate state.
It is considered that for all intermediate states of stress, strain, displacement
known throughout the history of

deformation to the state Q. Let the
position of an arbitrary point of a body in
states QO QM M) are
determined by the radius vectors of these
points r'®, ¥, r"*Y_ The body is referred
o to the basic Cartesian coordinate system
and the coordinates of the points are
respectively equal X;,z;,Z; (i=1,2,3).

4+ XszZs

()10)

A0

X122 X027 Let us denote the tensors of Green's

© o ) deformations in states Q) and Q")
Fig. 1. States Q"7, Q"7 , Q

through Sgi 8? +g; respectively:
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On the other hand, taking the initial state Q™ and using the rectangular
coordinates of the increase in deformation can be determined [12]:

* 1[81'(”]) or("th gr(m gp(m J_ I[E)Aul- dAu; . dAuy, aAukJ

€ == - +
2| oz 0z J dz; Oz j 0z J dz; dz; Oz J
The increments of deformations are connected by the relations:
. 0X, 0X dz, 0z
8;' =—"—"E,, & :_m_nEZm .

The components of the deformation gain tensor can be represented as linear
and nonlinear components:

* L *N _ l[aAul aAu/ j_}_l aAuk 8Auk

e +

D(n+1) |z

B

Zi,j ‘ ij
81] +(ul~ +Aul~)’j .

Jacobian transformations: D =

l, 8 +ul/, i,j:

To describe a stress state, we introduce the Euler stress tensor. At points O®, the

components of the stress tensor have the value of Gg , acting on the faces

zj —const, (z; +dz;) —const and o] +o” , which acting on the faces Z; —const ,

n+l)

(Z; +dZ;)—const an infinitesimal parallelepiped including a point 0
At the point 0"V the stress can be described by a modified Kirchhoff tensor
[12].

L az
oy +ol" = I 9z (c{;’ +le)
D(n) an aXl
ll* 1 aZ aZ le

D ox, aX,

Variational statement of the problem for an elastic body with initial stresses
with given additional mass and surface forces in the form of the principle of

virtual work in the state Q"D looks like:
m[(cg' +67 )oej; +(q) +4; )Sui]dV — [J ! + p)dAuds™ =0
4 S

where p;, g;— vectors of surface and volumetric additional forces at n+1 step.
If Q" — equilibrium state, then in the equation the terms of the variation
of elastic energy and taking into account the initial stress:
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jﬂ[cg&; Su JdV” ” p08u ds" =
14
The equilibrium equation takes the form:

i*set _ Lol k Ok 1 o () _o.
Hj o’ 8¢;; 2008( o J g; 8Au; av' J:J p; 0Au;dSV =

To study the stress-strain state of spatial structures made of elastomers,
consider the isoparametric finite element in the form of a hexagonal
parallelepiped with an edge length of 2. The origin of the basic coordinate
system Z; and an arbitrary local system x;, the axis of which coincides with the
direction of its edges, placed in the centre of the cube. Consider the construction
of matrices of stiffness of a finite element with initial stresses based on the
moment scheme of finite elements. Under the pre-stresses we mean those
stresses that arose in the structure in the initial state, i.e. before the deformation
process under consideration, before the application of the working load.

The solvating relations in general case can be represented as:

[ K+ K3 () ={P*}

where K{' — incremental geometric matrix of stiffness, which taking into

account the action of prestresses [13].
When forming a matrix K*' for a weakly compressible elastomeric layer, a

moment scheme of finite elements with triple approximation of displacement
fields, deformations, and volume change functions is used. [14].

The components of the stress tensor are determined by the Duhamel —
Neumann thermoelasticity law. To solve the problem of calculating the
temperature of dissipative heating, it is necessary to solve the problem of
thermal conductivity. To construct a thermal conductivity matrix for a layered
finite element, the hypothesis of continuity of temperature fields and heat fluxes
at the interface is used.

In matrix form, the system of equations for the layer takes the form:

[1){r}+ [ YT+ P+ (S} =0,
where H — thermal conductivity matrix, H*” — matrix conditioned to boundary
conditions of the 3rd kind on the surface of the construction, P — equivalent load

vector conditioned to the internal heat generation source, S — equivalent load
vector conditioned to heat fluxes and body surface temperature.

The heat generation function is calculated as averaged over the deformation
cycle.

The solution of the linked problem is performed using the method of
successive approximations.

2. Results of the calculation and analysis of solutions. Let us consider the
process of determining the temperature of dissipative heating of elastomeric
structures as a solution of the linked problem of thermoelasticity for a stable
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mode of cyclic deformation and heat exchange with the environment. In this
case, the solution of the quasi-static thermoelasticity problem requires the
solution of several problems: determination of the function of internal sources in
an elastic - hereditary body (solution of the thermoelasticity problem) at the
initial temperature; calculation of the temperature field under given boundary
conditions (solving the problem of stationary thermal conductivity); solving the
problem of thermoelasticity for the final temperature of self-heating. When
constructing a mathematical model of the problem, it is assumed that the stress
state significantly depends on the coordinates, as a result of which the field of
heat and temperature sources is inhomogeneous. In addition, there is a need to
take into account the dependence of physical and mechanical properties on
temperature. The method of successive approximations is used to solve the
related thermoelasticity problem.

The algorithm for solving the related problem is represented by the
following sequence:

1. From the solution of the thermoelasticity problem [Kij :|{u j} = {Pi } the

vector of nodal displacements {u;} at the set amplitude of fluctuations is
defined. Vector of the right part {P’} determined by the stiffness matrix taking
into account the initial stresses and boundary conditions in the form of
displacements on the surface of the finite element. For a separated finite element
the vector of internal forces is determined by the formula:

() =1 [ ] [ [ bty AT [y ' [ Ty ot}

where the first term is a vector due to elastic displacements, the second term is a
vector of forces due to thermal displacements.

2. To determine the power of internal heat generation sources, it is necessary
to determine the amount of scattered energy per load cycle.

The use of the simplest hypotheses about the homogeneity of the
displacement field in the direction of reinforcement and the homogeneity of the
field of generalized forces for shear stresses and normal stresses to the fibers,
allows you to calculate the power of internal heat sources as an average, equal to
dissipative energy. The power of internal sources for cyclic loading can also be
determined by the formula:

MO (6) 4y

j Sl

3. The temperature field is determmed from the solution of the stationary
thermal conductivity problem.

The thermal conductivity problem is nonlinear because the matrix [H] and
the equivalent heat load vector {R} depends on temperature.

The system of solving equations of stationary thermal conductivity using the
method of successive approximations is written in the form:
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[H(k—l)]{T(k)} = _{R(k—l)} :

The iterative process of solving problem continues until the specified
calculation accuracy is reached.

After determining the temperature procedure begins with the 1st point. In
case when physical and mechanical properties of the material depend on
temperature, at each iteration components of the tensor of elastic characteristics,
components of the tensor of thermal conductivity, as well as the component of
the matrices of rigidity and thermal conductivity of the construction are
recalculated.

3. Results of the calculation and analysis of solutions. To study the
convergence of the results obtained using the proposed approach, we consider
solutions of problems for which the literature provides solutions based on other
approaches.

Problem 1. Consider the deformation of a layered thermosensitive
cylindrical shell, the left end of which is rigidly clamped, and the right free,
which is under the influence of a non-uniform stationary temperature field of the
form [15]:

™ =1 )+ 1P (), k=1,2, ..., n,
where n — number of layers; z — the coordinate calculated along the outer normal
to the middle surface of the cylinder.

Physical and-mechanical characteristics of the layers depends on
temperature:

k)(k
ED =B (1+&10) , 6O = 60 (140® 10|,
o o 1+ 702), 12123,

where §(k) ,y%lk),y(zlf) — experimentally determined constants, which

characterize the dependence of elastic modules and coefficients of thermal
expansion on temperature.

The Poisson's ratio for the thermosensitive materials, which are under
consideration, is almost independent of temperature, so we consider it constant.
The components of the stress tensor arising from the temperature are determined
by the Duhamel-Neumann law.

Physical and mechanical parameters are taken as follows:
Ejg = B3 =1,704-10Pa;  Ep, =2,808-10°Pa;  p, =%; n==&;

Vip =0,106;  vo;=vi3 =0,174; vy =0,064; & =& =& =—0,25-107%;
Ty =0G=1,2,3); 7, =-0,2413-107K"; y;3=0;y, =-0,2445-10" K';

049 =0,1134-107K™; 01, =0,1418-10* K" 013y =0; /=0,2m; 2/ =0,04m;
R=0,4m.
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The constructed system of equations in displacements with variable
coefficients is solved using the proposed approach. The obtained results
satisfactorily coincide with the results obtained in analytical and approximate
solutions using shell theory by the authors [15].

U,
0.6
—
2 1 ]
L] 1

0.4 L
0.2
0 0.1 0.2 0.3 0.4 x/R

Fig. 2. Distribution of radial displacements

Fig. 2 shows graphs of radial displacements, obtained using the MIRELA+
complex (curve 1) and the authors [15].

B

T.C

| e
| ; 7 &x“ﬁ\LB
90 —

75| T i .

601 L~ Sh

: M Ny
45 %

30

0,04 005 006 007 008 009 01 Em

Fig. 3. Temperature distribution in the cross-section z = //2
Preliminary deformation: 1) A=0; 2) A=0,0lm;3) A=0,02m

Problem 2. Dissipative heating of a hollow cylindrical shock absorber under
preload conditions. The sizes of the shock-absorber: R, = 0,035 m, R, =0,1 m,
h =0,175 m. Elastic characteristics of rubber 2959: equilibrium shear modulus
u=0,74 MPa, instantaneous shift module p, =1,76 MPa, v =0,499;
rheological parameters of Rabotnov's relaxation nucleus a=-0,6; B =1,062;

x = 0,64. Amplitude of axial oscillations & = 0,008 m, frequency ® =40 s
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Thermal conductivity coefficient A=0,293 W/(m'K); the heat transfer
coefficients with the metal fittings and the environment are respectively equals
Hy =5240m", H,=40m".

In fig. 3 shows graphs of the distribution of the steady-state temperature of
self-heating with preliminary deformation (2, 3) and without pre-compression.
Analysis of the results shows that the increase in the initial deformation
significantly affects the temperature of dissipative heating.

Conclusions. An algorithm for solving the related problems of
thermoelasticity of elastomeric elements is built on the basis of the moment
scheme of finite elements. Incremental theory is used to model the processes of
deformation of structures with initial stresses.

The analysis of the obtained results shows that the proposed approach allows
to obtain satisfactory calculation results.

Considering the action of prestresses, as well as the dependence of the
physical and mechanical properties of the material makes significant
adjustments to the values of the calculated values.
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Baoicenos B.A., Kozy6 F0.I., Conooeii 11.
TEPMOIIPYKHICTh EJACTOMEPHUX KOHCTPYKIIIN 3 MTOYATKOBUMU
HAINIPYKEHHMH

V cTarTi NpeacTaBiIeHo arOpUTM BUPIIICHHS 3B'I3aHUX 33124 TEPMOIPY)KHOCTI €l1aCTOMEPHHX
€JIEMEHTIB KOHCTPYKI[ilii HA OCHOBI MOMEHTHOI CXeMH CKIHUCHHHX €JIeMEHTIB. J[Jisi MOJCIFOBAHHS
IPOLECIB  TEPMOIPYKHOrO 1eOpMyBaHHS KOHCTPYKLIH 3 MHOYaTKOBHUMH  HAIPY)KCHHIMU
BHKOPUCTOBYEThCSI IHKpEMEHTaJIbHA Teopis AehopMoBaHOro TBepaoro tina. Ha koxHOMY Kpori
e opMyBaHHsSI BUKOHYEThCS KOPUTYBAHHS MATPHUI )KOPCTKOCTI 3@ JOMOMOIOK IHKPEMEHTAaIbHOT
FEOMETPUYHOT MATpHLi JKOPCTKOCTI. BuKopucTaHHS MNOTPiHOI ampokcHMamii MepeMilleHb,
nedopmaltiii Ta GyHKIIT 3MiHEHHST 00’ €My J103BOJISIE BpaXyBaTH CJIa0Ky CTHCIIMBICTH €1aCTOMEPIB.
KoMmoHeHTH TeH30pa HampyxkeHb 00paxoByroThbcsi 3a 3akoHoMm [lroamens-Helimana. Jlins
PO3B’sI3aHHS 3371a4i TEIUIONPOBIIHOCTI MOOYIOBAHO MATPHLIO TEIUIONPOBIAHOCTI 3 ypaxyBaHHSIM
IPAaHHYHHUX YMOB Ha ITOBEPXHI CKIHYEGHHOrO eneMeHTa. J{yisi po3B’s3aHHS 3a4adi TEPMONPYKHOCTI
BUKOPHCTaHO aJrOPUTM MOCTIZOBHUX HaO/keHb. Ha KOXHOMY erari po3B’si3Ky 0OpaxoBYHOTHCS
XapaKTePUCTHKH TEPMOHAIPYXKEHOro craHy. Ha OCHOBI OTpUMaHHMX KOMIIOHCHTIB TEH30piB
HanpykeHb Ta JedopMaliiii 00paxoBy€eTbCs IHTEHCHBHICTD JKEPEJ BHYTPIIIHBOIO TEIIOYTBOPECHHS
K OCEpeJHEHA 3a LMK/ HABAHTAXKCHHs po3cisiHa eHepris. Jlas OOYHMCICHHS JMCHIIATHBHUX
XapaKTePUCTHK B’SI3KOMPYKHOTO €JACTOMEpPa BHKOPUCTOBYIOTBCS IapaMeTpH saApa peiakcaril
PaGoTHoBa. P0o3B’s3aHHS 3a1aui TEIUIONPOBIAHOCTI 3 ypaxyBaHHAM (yHKII BHYTPIMHIX DKeper
TelUla J03BOJSIE YTOYHHTH TEMIEpaTypy HarpiBauHs Tina. Ha KOXKHOMY LHKII aJroputmy
HPOBOJHUTHCSI YTOUHCHHS 3HAYCHD (i3MKO-MEXaHIYHUX XapaKTEPUCTHK TEPMOUYTIMBOIO MaTepiaiy.
HaBeneHuil miaxiz 10 po3B’s3aHHs 3ajad TEPMOIPYXKHOCTI peaji3oBaHO B OOYHCIIOBAIBLHOMY
komiuiekei «MIPEJIA+». Ha OCHOBI pO3IJIIHYTOro MiAXOAYy OTPHMAaHi PO3B’SI3KM HHM3KH 3a]ad.
OtTpuMaHi pe3yJbTaTH 3a0BLILHO 30IraloThCst 3 PO3B’sI3KAMH IHIIMX aBTOpiB. BpaxyBanus il
HONEePEAHBOr0 HABAHTAKCHHS Ta 3aJEKHOCTI (PI3UKO-MEXaHIYHHX BJIACTHBOCTEH MaTepiaiay Bix
TEMIIEPaTypH NPUBOAUTH 10 CYTTEBUMX KOPEKTHB PO3PAXYHKOBUX BEJIMUHUH.
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The paper presents the results of investigation of the axial beat loads’ influence on the
transverse rotating rods’ oscillations and their stability. The perforator's long drills are considered as
objects of investigation.

The analysis of different author’s papers that are studded the dynamics of oscillations of shafts
and rotating rods is carried out. The relevance of the research topic is substantiated. The model of
the considered dynamic system is described and equations of oscillations in space are given.

The technique for investigation is presented. This technique is based on search for new bend
forms of rotating rod by solving the equations of oscillations with using the Hubbolt time integration
method and the polynomial functions (splines) that are described the current bend form. In it, the
spline functions are found by current bend form approximation where each of the found functions is
responsible to certain point of rod elastic line and describes the position of nearby points.

Described technique was realized in a computer program with graphic user interface that is
developed by author. Program allows to monitor for dynamics of the oscillatory motion of the
modeled system in real-time by calculating and drawing the current band forms of the rotating rod
during the oscillation.

Diagrams with regions of stable and instable motion of the rods, that were found by different
parameters and boundary conditions are shown. The analysis of the results is obtained and the
conclusion about possibility of operating the equipment in certain frequency ranges is done. The
space oscillating process of rotating rods is considered with account of the gyroscopic loads and
geometric nonlinearity.

Keywords: numerical differentiation, complex bend forms, spline, geometric nonlinearity, axial
loads, hammer drills.

Introduction. The tasks of stress-deformed state and oscillations of elastic
rotating rods, shafts and rotors have actuality while structural elements of
machines and devices are designed. The rotating rods, shafts and rotors are
responsible elements in the constructions of engines, turbines, wind and
hydropower plants, drill strings and other machines. For these objects the cause
of the development of oscillations can be both inertial loads and periodic
external loads, such as periodic axial loads.

For example, during the operation of drill string the influence of bottom hole
reaction can be periodical as a result of its transverse oscillations, at which the
axial moving of its movable end occurs. During the operation of industrial
hammer drill the action on the drill is periodic too. During the movement of
vessels, the periodic influence on the shaft from propeller can happen, when the
vessel passes through turbulent zones. Also in shafts, the periodic influence can

© Nedin V.O.
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be brought from oscillation of the adjacent section, which is transmitted through
the coupling due to axial movements.

In recent years, the dynamic tasks of oscillations of shafts and rotating rods
were investigated in works of many authors.

The dynamic behavior of drill strings in super-deep wells was considered in
papers [4, 5]. The column is modeled by vertical rod, taking into account the
longitudinal loads and torque at its lower end. The critical rotational speeds
were calculated with various values of external loads that are taken into
consideration. The modes of natural oscillations and buckling of the drill string
were found. The task is viewed in space taking into account the centrifugal and
coriolis inertial loads, also by axial loads with constant values.

The task of rotating shaft with influence of axial loads to the propagation
characteristics of the elastic waves is studied in paper [14]. The shaft is viewed
with non-uniform cross-sections per length. Axial loads considered with
constant values.

The oscillations of shafts and rods under the action of periodic loads were
considered in different papers. The paper [10] presents the study of problems
with elastic stabilization and long-term strength of the system under cyclically
changing external impacts that are appearing because of eccentricities. Task is
considered taking into account gyroscopic loads, in linear statement. The paper
[9] presents the results of study of space bending oscillations of horizontal rod
that is rotating around its axis. Rod is under the action of periodic harmonic
force of self-weight per length. The task is considered taking into account
gyroscopic loads, too.

Questions about the transverse oscillations of the rods under the action of
axial periodic loads, also the tasks of longitudinal-transverse oscillations under
the action of beat loads are considered in papers [7, 8]. But in them the
investigated rods don't rotate.

In nonlinear statement the dynamics of the drill operation is considered in
paper [13], taking into account the axial periodic impact force, but with the aim
of studying the vibrations that occur in the coupling.

As result of review we can see, that investigating the dynamics of considered
objects, the parametric oscillations of rotating rods under the action of periodic
axial beat loads have an opened interest. This is due to actuality of the tasks of
vibratory drilling of deep holes.

This paper presents the results of investigating the dynamic behavior of
perforators’ long drills under action of an axial beat load. It study has interest
for long flexible drills.

Problem statement. In the process of oscillation of such rotating rods with
various lengths, under the action of external periodic forces, the various bending
forms that change in time are possible. Beside this, the various character of the
oscillatory motion itself for various physical, geometric and dynamic parameters
are possible too.

As a dynamic model is considered a rod with length / (Fig. 1) that is under
the action of periodic axial load P(¢). The rod rotates with an angular rotational
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speed w around the rectilinear axis O.X; of the stationary coordinate system
0:X1Y,Z,. The rotating coordinate system OXYZ is tied to the rod and rotates
with it. The direction of OX axis coincides with direction of OX; axis. Axis of
rod in deformed state is coinciding with the OX and O.,X, axis. The oscillatory
motion of the rod in the OXYZ coordinate system is characterized by y(x,f) and
z(x, 1) displacements of the points, that belong to the axis of rod, in the OY and
OZ coordinate axes’ direction, respectively.

Ty

Fig. 1. Dynamic model of system.

In this statement, the oscillations of such rotating objects in space are
described by the corresponding system of differential equations [11], which
taking into account the geometric nonlinearity and the axial periodic force [3]
have a form:

2 (EI 4 2 2
d( ](")j—mr{ 4y +co2d yJ—Zwm[Z—mcozy+m[;f+
t

>\ p dr*dx? dx?

2
+ P(t)d—f =0

dx
d* (EI d'z d’z d d’z .
22 ) 0 b oem Y etz m St
dx o dt°dx dx dt dt
2
+P(t)d j =0,
dx

where E — elastic modulus of rod’s material; /;, [, — inertia moments of rod
section in mutually perpendicular planes; » — radius of gyration; m —mass of
unit per length; @ — rotational speed of rod around the axis that is coincided with
the axis of rod in undeformed state; P(f) — periodic axial force; 1/p,, 1/p, —

main curvatures of rod’s axis in mutually perpendicular planes in form:
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1 dx* 1 dx’
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dx dx

If the rod is under the influence of an axial beat load, this action is modeled

by function, that looks like as: P(f) = Py (@*% _ 42 for which the
changes of amplitude in time is shown in Figure 2.

. JU JUUL..

Fig. 2. The diagram of function P(¢)

Technique. For investigation of the dynamics of motion for considered
objects in this paper propose to use the technique in which the process of
oscillation is modeled based on repeated (cyclic) solving the system of
differential equations for every point of system in order to find the new
coordinates of positions for these points in each next point of time ¢+A¢.

In it, the solving of equations (1) for searching of new bend form for the next
point of time is based on the use of polynomial functions (splines) [1] that
describe the current bend form and the Houbolt time integration method [12].
The spline functions [6], in turn, are determined by approximating the current
bend form, where each of found functions is responsible to certain point of rod
elastic line and describes the position of nearby points.

In result of the approximation, the line of the current bend is described by

. . 2 3 4
the array of n polynomial functions f, (x)=a,q +a, X+ a,x" +a,3x” +a,4x",

each of which corresponds to certain point of rod elastic line and tied with
nearby points (Fig. 3).

n+3 n+6

Fig. 3. Bend form approximation for point n to function f, (x)
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The search process of each functions f, (x), namely coefficients a,, a1, an,

a3, ang, can be executed by the coordinates of points n—2, n—1, n+1, n+2, that lie
near point n. However, it is necessary that the functions of all derivatives of
spline have been continuous and smooth lines. Therefore, these points are
considered as intermediate and used to control of continuity and smoothness.
The approximation executes by coordinates of points n—6, n—3, n+3, n+6 and
current n, which are considered like as characteristic.

The calculation of the coefficients a,y, a1, @n, an3, Gu, for each function,
executes by solving the system of five equations (2) using the coordinate values
of each of five points that belong to considered part of rod elastic line

o +an1x:176 + anzxia + an3x,3,,6 +an4x3—6 =V
o +anl'x;l173 + an2x3,3 + an3x3,3 +an4x373 =Vu3
ano +anl'x;l1 + an2x3 + anSxS + an4x:11 =Vn (2)
o +anl'x;l1+3 +an2x3+3 +an3x3+3 + an4x3+3 = Vi3

1 2 3 4
Ao a4 Xpse T X T 03%006 T AnaXuie = Vaso

Found functions f,(x) are differentiated and found derivatives are used to
solve the system of differential equations for each point of rod elastic line
separately for searching of next bend form for next point of time t+At.

Boundary conditions. Using the considered technique the boundary
conditions at the ends of the rod are modeled by schemes based on imaginary
prolongation of the elastic line of the rod. Let’s consider few basic boundary
conditions.

The hinged boundary at the end of the rod is modeled by analogic scheme,
but for the end point. namely, for searching the function for point m, use the
value y,=0, and assumed that for x,,,,= (2x,—x,,_), X,...= (2x,—x,,_,), the values
V1= Vets Ymia= Vo> TeSpectively. the points m+1, m+2 belong to the line of
the imaginary continuation of the rod elastic line and their coordinates are
determined by corresponding relations using the coordinate’s values in points
m—1 and m-2. such relations give that every time after approximation we get a
function whose value in point m will be y,=0, and the value of its second
derivative will be y,,"=0.

The pinched boundary at the beginning of the rod is modeled by scheme,
where, for point 0, use the values x,=0, »~=0, and assumed that for
X = =Xy, X ,= —X,, the values y ;= y,, v ,= y,, respectively. such relation gives
that every time after approximation we get a function whose value in point 0
will be y,=0, and the value of its second derivative will be y,"#0.

The pinched boundaries at the end of the rod are modeled by scheme, where,
for point m, use the value y,=0, and assumed that for x,,,,= (2x,—x,,_,), X,,1,=
(2x,x,,5), the values ¥,,,,= V1> Y= Vmo»> T€Spectively. such relations give
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that every time after approximation we get a function whose value in point m
will be y,=0, and the value of its second derivative will be y,,"#0.

For beginning of the oscillatory motion, it is necessary that the system be out
of equilibrium, in which the rod will take the initial bend form. Such action can
be caused by the action of random instant load.

During the operation of hammer drills, one of such instant loads can be the
bending moment that occurs at the end of the drill due to the uneven strength of
particles of concrete that are crashed by beating.

In this representation, the action of the bending moment is modeled by one-
time instant load at the end of the rod and the required initial bend form is
determined by the method of initial parameters.

The initial bend form is found for the time =0, like a point of start of
oscillation, believing, that the action of inertial loads is absent, since before the
start of oscillations the axis of the rod in undeformed state passes through the
axis of rotation.

So, in this way, the analysis of the geometric position of rotating rod in
space, the approximation of bend form (elastic line) and its differentiation is a
first component of solving the equations of oscillations and performs in
conditionally fixed moment in time.

The oscillatory motion, especially during rotation, is a dynamic process in
which at each next moment in time not only the geometric positions of all points
of the system have changes, but such parameters as rotation angles, speeds and
accelerations have changes too. Therefore, the second component of solving the
equations is the solve of task in time, that performs using the numerical Houbolt
integration method, in which makes the search of new bend form for each next
point of time #+A¢, based on current bend form and its derivatives.

Realization note. The considered technique is the basis component of the
algorithm for the numerical solving of the differential equations of oscillations
by rotation of rod systems in space and time. The algorithm realized by
computer program with graphic user interface that helps to monitor for the
dynamics of oscillating process of modeled system in real time. Besides this, the
program gives the capacity to make the analysis of behavior of modeled system,
find the dynamic instability fields and draw the diagrams of found fields.
Moreover, the program draws the graphics of oscillations and changes of
angular speeds and accelerations.

Results. In this paper shown the results of investigating the dynamic
behavior of perforators’ long drills under action of an axial beat load that were
gotten by described technique and program. Among them: long drills with
length 800...1000 mm and diameter 10...22 mm, boers with length 900...1000
mm and diameter of rod 18...22 mm, extensions for drills with length
750...1100 mm and diameter of rod 18 mm.

The priority amounts of industrial hammer drills with an SDS Max type
chuck operate on rotational speeds in range of @ = 25...75s” and beat
frequencies in range of = 170...380 s™'. Household hammer drills with an SDS
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Plus type chuck operate on rotational speeds in range of @ = 75...250 s™' and
beat frequencies in range of 0= 380...580 s™.

During rotation with different speeds under action of an external periodic
force with different frequencies the oscillations’ amplitude can be constant (with
critical parameters), fading out or growing up. This characterizes the stable or
instable behavior of an object in such dynamic process.

For example, for steel rod with diameter d = 12 mm and length / = 1 m
during rotation with critical speed of the 1-st harmonic that is equal 145.5 s™,
but without action of external forces, the transverse oscillations in the rotating
coordinate system do not occur (because rod is in equilibrium of inertial and
elastic forces). In stationary coordinate system, the oscillations occur with
constant amplitude as the projection on the coordinate planes. Herewith, under
the action of periodic axial beat load with frequency that is equal to the value of
critical rotational speed, the oscillations occur with growing amplitude, which in
the projection on the coordinate axes have the form shown in Fig. 4.

¥, mm. , % mm.
I

.-_" i H“"I’l\i"l}l! ‘”W“”\*'””"WWHU'\!‘”Wl'3””‘”“”‘“U“W“‘ |
B L1 LA

t,s. -2 ‘ t,s.
n Q n o 1 g un o S n o wnw o wun a mn o v o
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Fig. 4. Oscillations of steel rod that is rotated with speed equal 145.5 s™,

under action of the axial beat load with frequency equal 145.5 s™'.
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Therefore, such oscillatory motion of rotating rod is instable and since over
the time it will have been destroyed because of constant amplitude growth.

As results of study of mentioned objects in Figures 5-9 the fields of stable
and instable oscillations by rotation are presented. These fields show instable
regions in depends of rotational speeds @ and beat frequencies 6, which were
found for the reviewed objects by various geometric, physical parameters and
boundaries. Figures 5-7 show the results for rods with hinged boundaries at both
ends. Figures 8 and 9 show the results in case when one end of rod is pinched
other is hinged.

The fields of instable oscillations are displayed filled gray. White colored
regions are the fields of stable oscillations. The rectangles with dashed borders
show the operating frequency ranges for priority amounts of industrial hammer
drills with SDS Max type chuck and household hammer drills with SDS Plus
type chuck. Numerically these ranges are presented upper in this part.
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Fig. 5. Dynamic instability fields of rods with diameter d = 10 mm,
length /= 0.8 m, under action of axial beat load P(f), with hinged boundaries
P(H=0+0.6kN P(H)=0+04kN
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Fig. 6. Dynamic instability fields of rods with diameter d = 12 mm,
length /=1 m, under action of axial beat load P(z), with hinged boundaries
P(H=0+0.6kN P(H)=0+04kN
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Fig. 7. Dynamic instability fields of rods with diameter d = 18 mm,
length /= 1.2 m, under action of axial beat load P(f), with hinged boundaries
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Fig. 8. Dynamic instability fields of rods with diameter d = 10 mm,
length /= 0.8 m, under action of axial beat load P(), with pinched and hinged boundaries
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Fig. 9. Dynamic instability fields of rods with diameter d = 12 mm,
length /=1 m, under action of axial beat load P(r), with pinched and hinged boundaries

As we can see from diagrams, for various steel rods with their parameters
and different boundary conditions there are frequency ranges at which the drills
of perforator in use will start instable oscillations and over the time they can be
destroyed.

So, for example, for industrial hummer drills, such regions are observed for
rods with diameter =10 mm and length /=0.8 m (Fig. 5), with diameter
d=12 mm and length /=1 m (Fig. 6), with diameter ¢=18 mm and length /=1.2 m
(Fig. 7), with hinged boundary conditions. And in fact there are in rather narrow
ranges.

For household hammer drills that are using in higher frequency ranges, as
we can see from the diagrams, the instable regions are much wider and observed
both: under hinged boundary conditions at the ends and with boundary
conditions where one end is pinched other is conditionally hinged.
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Conclusion. The considered results of investigation of the axial beat loads’

influence on the stability of rotating rods in space, studding perforator’s long
drills as example, show, that for certain ratios of rotation and beat frequencies
there are regions of instable oscillatory motion in which running the equipment
can inevitably lead to its destruction, that can turn to undesirable injuries or
tragic consequences either at work or at home.

10.

11.

12.

13.

14.

REFERENCES

Ahlberg J., Nilson E., Walsh J. Teoriya splaynov i ee primenenie (Spline theory and its
application). M.: Mur, 1972, 319 pp.

Bakhvalov N.S., Judkov N.P., Kobelkov G.M. Chislennye metody (Numerical methods). M.:
BINOM, Laboratoriya znaniy, 2015, 639 pp.

Bolotin V.V. Dinamicheskaya ustoychivost uprugih system (The dynamic stability of elastic
systems). M.: Izdatelstvo tekhniko-teoreticheskoj literatury, 1956, 600 pp.

Gulyayev V. I. Bifurkatsionnoye vypuchivaniye vertikalnykh kolonn sverkhgdubokogo bureniya
(Bifurcational buckling of vertical super-deep drilling columns) / V.I. Gulyayev, V.V.
Gaydaychuk, 1.V. Gorbunovich // Promyslove budivnytstvo ta inzhenerni sporudy. —2009. — No.
2.—S.10-15.

Gulyayev V. I. Kompyuternoye modelirovaniye dinamiki konstruktsiy ustanovok glubokogo
bureniya (Computer modeling of dynamics of deep drilling rigs’ constructions) / V. 1.
Gulyayev, V.V. Gaydaychuk, S.N. Xudolij // Zbirnyk naukovykh prats(| Ukrayins[Ikoho
naukovo-doslidnoho ta proektnoho instytutu stalevykh konstruktsiy imeni V. M.
Shymanovskoho. — 2009. - Vip. 4. — S. 208-216.

Zavyalov YU.S., Kvasov B.l, Miroshnichenko V.L. Metody splajn-funkcij (Spline functions
methods). M.: «Naukay, 1980, 352 pp.

Morozov N.F. Static and Dynamics of a Rod at the Longitudinal Loading / N.F. Morozov, P.E.
Tovstik, T.P. Tovstik // Vestnik YUUrGU. Seriya «Matematicheskoye modelirovaniye i
programmirovaniye». — 2014. — Vol. 7, No. 1. — S. 76-89.

Morozov N.F. The rod dynamics under short longitudinal impact / N.F. Morozov, P.E. Tovstik
// Vestnik SPbGU. —2013. — Vup. 3. P.131-141.

Munitsyn A.l. Prostranstvennyye izgibnyye kolebaniya sterzhnya, vrashchayushchegosya
vokrug svoyey osi (Space bending oscillations of a rod rotating around its axis) //
Matematicheskoye i kompyuternoye modelirovaniye mashin i sistem. —2008. S. 64—67.
Murtazin I.R. Research of flexural vibrations of rotating shafts with distributed inertial, elastic
and eccentricity properties / I.LR. Murtazin, A.V. Lukin, I.A. Popov // Scientific and Technical
Journal of Information Technologies, Mechanics and Optics. — 2019. — Vol. 19, no. 4, P. 756—
766.

Tond! A. Dinamika rotorov turbogeneratorov (The rotor dynamics of turbines). L., Energiya,
1971, 297 pp.

Maurice Petyt. Introduction to Finite Element Vibration Analysis. Cambridge University Press,
1990. — 558 p.

Songyong Liu. Coupling vibration analysis of auger drilling system / Songyong Liu, Xinxia Cui,
Xiaohui Liu // Journal of vibroengineering. — 2013. Vol. 15. — P.1442-1453.

Yimin Wei. Influence of Axial Loads to Propagation Characteristics of the Elastic Wave in a
Non- Uniform Shaft / Yimin Wei, Zhiwei Zhao, Wenhua Chen and Qi Liu // Chinese Journal
of Mechanical Engineering. — 2019 — No. 32:70. P.13.

Cmamms naoiiwna 0o pedaxyii 05.06.2020



ISSN 2410-2547 319
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2020. Ne 104

Heoin B.O.
MMAPAMETPUYHI KOJIMUBAHHS CTEPKHIB, IO OBEPTAIOTHCSI I A1€XO
MMO310BKHBOI'O YIAPHOI'O HABAHTAKEHHSI

B po6oti HaBezmeHi pe3ysibTaTH AOCHIPKEHHS BIUIMBY IO3OBXHIX yJAapHHX HaBaHTa)KCHb Ha
XapakTep MOMEePeYHUX KOJIMBAHb CTEPXKHIB, 110 00EpTArOTHCS Ta X CTiHKICTh. B sikocTi 00’€KTiB
JIOCTiIKEeHHs 00paHi TOBroMipHi po6oui opranu nep¢hopaTopis, 110 MAIOTh 3HAYHY FHYYKICTb.

3nilicHeHo aHami3 myOunikamii pi3HUX aBTOPIB, sKi 3afMAlOTHCS JOCTIUKCHHAM IHHAMIKH
KOJIMBaHb BAJiB Ta CTEPIKHIB, 110 0OCPTAIOTHCS Ta OOIPYHTOBAHA aKTyalbHICTh OOPAHOI TEMAaTHKU
nociimkeHHs. OmucaHa MoJenb AWHAMIYHOI CHCTEMH, IO PO3MJISAAETHCS, HABEACHI DIBHSHHS
KOJIMBAJIHOTO PyXY Y POCTOPI.

IIpencraBieHa METOAWKA NOCHIDKEHHS, sIka OyIyeTbCs Ha IOLIYKY HOBHX ()OpPM BHUIHHY
CTEp)KHIB IPH OOEpTaHHi, Yepe3 PO3B’s3aHHS PIBHAHb KOJMBAJIBLHOI'O PYXy 3 BHKOPHCTAHHSIM
HOJIHOMIaNBHUX (YHKIIH (CIUIaifHIB), 1[0 OHHMCYIOTH (OPMY BUTHHY, Ta METOIl IHTErpyBaHHS 3a
gacoM Xy60onTa. B 1iif Meroauui cruiaitH-(yHKIT OTPUMYIOTHCS AIPOKCUMALIIEI0 TOTOYHOT hopMu
BUTHHY, [I¢ KO)KHA 3 HaiiJeHHX (yHKLIH BIANOBiZa€ 3a IMEBHY TOYKY HPYKHOI JIiHII CTEpXHS Ta
OIIHCYE MOJIOXKEHHS CYCITHIX TOYOK.

Hageneni niarpamu, 1o BigoOpaxaroTh 00JIacTi CTIKOro Ta HECTIHKOrO pyXy CTEpXKHIB IIPH
PI3HHX HapaMeTpax Ta IPAHMYHUX YMOBax. 3[iHCHEHO aHaNi3 OTPUMAHHX PE3y/IbTATIB Ta BUCHOBOK
PO MOXJIMBICTH eKCIuTyaTanii 00JafHAaHHS y MEBHHX Aiana3oHax 4actoT. IIpolec KOIMBaIbHOIO
PyXy PpO3LISSHYTO Yy HPOCTOPI 3 YpaxyBaHHSAM TIEOMETPUYHOI HENIHIHHOCTI CTEpXKHA Ta
ripOCKOMIYHHX HABAHTAXCHb.

KurrouoBi ci1oBa: uncensHe qudepeHioBan s, CKIaaHi (OPMU BUTHHY, CIUIAHH, TeOMETPUYHA
HEJTHIHICTD, MO3/I0BXKHI HABAHTAXXCHHS, YIapHi HAaBaHTAXEHHS, 1ep(POpaTopH.

Heoun B.O.
IMAPAMETPUYECKHUE KOJIEBAHUS BPAIIIAIOIMUXCS CTEPXKHEM IO/
JEACTBUEM ITPOJIOJBLHOM YIAPHOM HATPY3KH

PaCCManl/lBaK)TCﬂ HEKOTOPBIC PE3YJIbTATBl HCCICOOBAHUS BIIMAHHUA IMPOAOJIBHBIX YAapHbBIX
Harpy30K Ha XapakTep MONepeyYHbIX KOoJeOaHWH BpAILAIOIIMXCS CTEPIKHEH M UX YCTOHYMBOCTH. B
Ka4yecTBE 00BEKTOB HCCIICAOBAHMUS ObLIN BBHIOPaHBI JUIMHHOMEPHBIC pabo4re opraHsl mephopaTopos
€O 3HAYHUTEIBHONW FTHOKOCTBIO.

B pabore ocyluecTBIEH aHaIM3 MyOIMKALMH Pa3HbIX aBTOPOB, 3aHUMAOLIMXCSl HCCIICIOBAHUEM
JIMHAMKMKH KOJICOAHHI BaJiOB M CTEPXKHEH, Bpallaroumecss 1 000CHOBaHA aKTyaJbHOCTh TEMATHKH
uccienoBanusa. OmnucaHa MoOJENb PaccCMaTPUBAEMON JUHAMHYECKOH CHUCTEMbI, HPUBEICHBI
YPaBHEHUsI KOJI€0ATEIbHOTO ABIKEHHS B IIPOCTPAHCTBE.

IIpencraBieHa MeToiMKa UCCIENOBAHUS, KOTOPask CTPOMTCS HAa MOMCKE HOBbIX (hopMm u3ruba
BPALIAIOLIMXCS CTEPXKHEH pelIeHHEeM ypaBHEHHIl KO0JIe0aTeIbHOro JBHMIKCHUS C HCIIOJIb30BAHUEM
HOJIMHOMHAIIBHBIX (DYHKIMH (CIIJIaHHOB), OMHUCHIBAIOIIMX TEKYIIyl0 (GopMy u3ruba, ¥ METoie
MHTErpUPOBaHUsS 10 BpemeHH XyOOonta. B 3Toif Merommke crutaH-QYHKIHH HaXOZSTCS
anmnpoKcuManuen Tekyiuei (opMbl M3ruba, riae Kakaas W3 HalJCHHBIX (YHKLUMH OTBeyaer 3a
OIpEJIICHHYIO TOUKY YIPYTOW JMHUY CTEPXKHS M OIHMCHIBACT ITOJIOKEHUE COCETHUX TOYCK.

IIpuBeneHbl AuarpaMMbl, OTpakalolMe 00JIACTH YCTOHMYMBOI'O M HEYCTOHUMBOIO JIBUIKCHUS
CTepXKHEH NpU pa3JIMuHBIX [apaMeTpax M TIPaHUYHBIX YycioBusAX. OCyIIECTBIEH aHalu3
IMOJTYYCHHBIX PE3YJbTAaTOB MU CACJIaH BBIBOA O BO3MOXXHOCTH OSKCIIyaTalluH OGOPyZlOBaHMﬂ B
OINpE/ICNIEHHBIX  JMana3oHax uvactoT. Ilpomecc KonebaTeNbHOrO ABMKEHHS PAaCCMOTPEH B
HPOCTPAHCTBE C YYETOM I'MPOCKONNYECKUX HHEPLIMOHHBIX Harpy30K Ha BpalL@IOLIUICs CTEPKEHb, a
TAKXKe ¢ y4ETOM re€OMETPUYECKON HEIMHEHHOCTH.

KiaroueBble cjioBa: 4uCICHHOC AU(QEepeHInpOoBaHe, CIOXKHbBIC (OpMbI H3ruba, CIUIalH,
reOMeTpUYeCKasl HEMMHEHHOCTb, TPOJOJIbHBIC HATPY3KHU, YAAPHbIC HArpy3KH, ephopaTopsl.
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Nedin V.O. The parametric oscillations of rotating rods under action of the axial beat load //
Strength of Materials and Theory of Structures: Scientific-and-technical collected articles — Kyiv:
KNUBA, 2020. — Issue 104. — P. 309-320.

The paper presents the results of investigation of the axial beat loads’ influence on the transverse
rotating rods’ oscillations and their stability.

Tabl. 0. Fig. 8. Ref. 7.
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Two boundary element approaches are used to solve the problem on non-stationary vibrations of
elastic solids. The first approach is based on the transition to the frequency domain by means of a
Fourier series expansion. The second approach is associated with the direct solution of a system of
time-dependent boundary integral equations, with a piecewise constant approximation of the
dependence of the unknowns on time. In both cases, a collocation scheme is used to algebraize the
integral equations, and the difficulties associated with the calculation of singular integrals are
overcome by replacing the kernels with the initial segment of the Maclaurin series. After such a
replacement, the kernels take the form of a sum, the first term of which is the corresponding
fundamental solution of the statics problem while other terms are regular. Since integration of static
kernels is not difficult the problem of calculating the diagonal coefficients of the SLAE turns out to
be solved. The developed techniques are compared in the process of dynamics analysis solving of
elastic media with two cylindrical cavities. The boundary of one of the cavities is subjected to a
radial impulse load, which varies according to the parabolic law. Both approaches have shown the
similar effectiveness and qualitative consistency.

Keywords: time-dependent boundary integral equations, frequency domain, Hankel functions,
Maclaurin series, impulse loading.

The Boundary Element Method (BEM) is an effective tool for solving the
problem of vibrations of elastic bodies with different cavities and inclusions. In this
case, the solution of the problem can be obtained in two ways. In the first case, the
Fourier transform is used to convert the problem into a frequency domain, while in
the second case, a time-step procedure is used. In both cases, the algorithmic basis of
the problem is the boundary analogue of the Somigliana identity for displacements.
The identity links known displacements and stresses at the boundary points with
those not unspecified by boundary conditions. The resolving equation describing
two-dimensional harmonic vibrations of an elastic mass body, in the absence of
mass loads, is as follows

[ .- .- .- .- .
Euj(xam)z J-Tk (ys(D)Ujk(xsys(D)dry_.[uk(ys(’))Tjk(xsya(’))drya ]ak =1a2 s (l)
r r

where @ is the circular frequency of vibrations; x{x;,x,}, y{y,mtel ;T —
boundary of the area occupied by the body; u; (x,w), g f (X, ) are respectively
complex amplitudes of displacements and stresses at the boundary; U, (%,7,w) - the
fundamental solution of the problem [1, 2], which is given by the expression

© Vorona Yu.V., Kozak A.A.
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generalized derivative of the fundamental solution (stresses at the sites with normal
n; (y) that arise in elastic two-dimensional media due to the action in the point X of

concentrated unit force in the direction x; ; H ;1) is the Hankel function of the first
kind.

In accordance with the collocation procedure of BEM the boundary is
represented as a set of elements and a hypothesis defining how the unknown
quantities change within each BE (i.e. basic function) is introduced. Then a set of

poles x; is assigned, agreed with the introduced hypothesis, and then equations (1)
are written in each of the poles in turn. The result of this procedure is a system of
linear algebraic equations with respect to unknown values of amplitudes of
displacements and stresses at collocation points x;. The system coefficients are

integrals over boundary elements of product of kernel U ; (x,y,®) or Tj (%, y,®)
and the corresponding basic function.
When the distance » between the source X point and the integration point y

tends to zero, i.e., if the pole is located at the same BE on which the integration is
carried out, the Hankel functions, and with them the sub-integral expressions, take
infinitely large values, which makes it impossible to calculate the diagonal system
matrix coefficients using numerical integration. To overcome this obstacle, the
Hankel functions are approximately replaced by the initial segments of the
Maclaurin series. After such a replacement the kernels can be represented as follows

(3]
Ujk(iaj}sw) = Ujk(is}j)+U;k(iaj}9w), Tjk(-;c;j}’a)) = 7}1(29;)4_7}1(;9;}7@)7 (3)

where U? ik (x,y) and T k(x y) are respectively the fundamental solution of the

static 2D problem of and its generalized derivative.
Since integration of the kernels of the static problem does not cause difficulties,
and regular additives U;-k x,y,0), T ;-;c (X,7,) can be determined with any

degree of accuracy, the problem of algebraization of the system of boundary integral
equations (1) can be considered solved in the first approach.
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The second approach requires solving a system of time-dependent boundary
integral equations, which under zero initial conditions and the absence of mass
forces can be written as follows

— + —_ - —
%u,(x,o:Jé | FU G Bt =)y (0T dt - @

+ - - —
0T Ta G5t =D (50T,

r)

H
where Uy, (r,1) = —— M SOG ,y,t)+(—f,;2><x w.0)|, H()
2rp C1 Czr
2
is  Heaviside  step function; iy W)= (Edl +;—j P tsj—Ogd) s
1

f(z)(r,t)=(2d2+2—2j 5@[d2+ j d=(Ct)2 =12, dy =(Cyt)> =12
2

T (r,7) is a generalized derivative of the fundamental solutionU  (r,7) .

The peculiarity of this approach is that time is one of variables, on which the
solution depends. Accordingly, it is necessary to divide the time interval into
separate intervals and approximate the unknown within each interval. Assuming that
the boundary stresses at each step remain constant, time integration of the both terms
in the right side of equation (4) can be done analytically [4]. Moreover, the resulting
expressions can also be presented in a form similar to that of representation (3), i.e.,
as a sum of the corresponding static kernel and some regular additive. Thus, even in
this case, it is possible to overcome all the fundamental obstacles to the numerical
solution of the problem [4].

Comparison of the developed algorithms was carried out using the problem
about non-stationary vibrations of elastic space with two circular cylindrical cavities
of radius R=3m. Boundary of the left cavity is exposed to radial influence of

parabolic impulse, set by the formula g, (¢) =4——— g1 -1) (Fig. 1). Time of the
T°

impulse action is 7 =20R/ C; =0.0108s .

A

q(t) T '
4

Y

Fig. 1. Calculated area
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The results of calculations are shown in Figures 2, 3. Graphs marked with
figures 1 and 4 are the curves obtained as a result of the system (4) solution. Figures
2 and 5 denote the graphs built within the first approach using 12 terms of the
Fourier series, and figures 3 and 6 denote the graphs, for the construction of which 4
terms of the series were kept. At the same time, the diagrams 1, 2, 3 characterize the
stress-strain state parameters at the point A4, and the diagrams 4, 5, 6 correspond to
the same parameters at the point B of the boundary (Fig. 1).

Extreme values of normalized parameters of stress-strain state, obtained with the
help of two approaches, are contained in Tables 1-4.

The values of radial displacements u, and tangential stresses oy were

normalized according to the formulas Up =u, iR and o} =2 respectively.
q q
The values U,’é’t, og”t are obtained by solving the system of time-dependent

boundary integral equations (2nd approach) and Uy (m), o."”(m) are obtained

using transition to the frequency domain (1st approach) while value m corresponds
to the number sine waves.

555 ! Y
0.9
06 4
0.3 - -
..rl I-\
0 . . . -
0003 0.006 0.003 \@@ t.c
N i

Fig. 2. Radial displacements in points 4 and B of the boundary when L=3m

AN
: o s
0003 0.006 0009 %.m’s t.c

Fig. 3. Tangential stresses in points 4 and B of the boundary when Z=3m
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Table 1
Normalized radial displacements at the points of the boundary
Point Uln?,,inax UR,max UR,max Uln?:imn UR,min UR,min
4) (12) 4) (12)
A 0.764 0.777 0.775 -0.155 -0.096 -0.144
B 0.502 0.521 0.502 -0.043 -0.055 -0.036
C 0.526 0.528 0.524 -0.080 -0.057 -0.071
D 0.536 0.562 0.567 -0.134 -0.078 -0.135
Table 2
Normalized tangential stresses at the border points. L=3m
Point 6:’ ,r; = 63" ,,mwax 6:’ ,,mwax 6:’ ;; " 6:’ ,;:in 6:’ ,;:in
’ 4) (12) ’ 4) (12)
A 0.929 0.855 0.806 -0.144 -0.138 -0.131
B 1.288 1.248 1.250 -0.262 -0.168 -0.249
C 1.046 1.065 0.993 -0.130 -0.118 -0.114
D 1.202 1.302 1.283 -0.273 -0.199 -0.255
Table 3
Normalized radial displacements at border points. L=6m
Point Uln?,inax UR,max UR,max Uln?,im'n UR,min UR,min
’ 4) (12) ’ 4) (12)
A 0.619 0.625 0.625 -0.105 -0.085 -0.102
B 0.511 0.527 0.509 -0.053 -0.048 -0.045
C 0.531 0.527 0.530 -0.077 -0.059 -0.070
D 0312 0.323 0.325 -0.104 -0.063 -0.098
Table 4
Normalized tangential stresses at the border points. L=6m
Point 6:’ ,r; = 63" ,,mwax 6:’ ,,mwax 6:’ ;; " 6:’ ,;:in 6:’ ,;:in
’ 4) (12) ’ 4) (12)
A 1.054 1.030 0.992 -0.120 -0.116 -0.970
B 1.234 1.183 1.182 -0.225 -0.169 -0.211
C 1.122 1.076 1.060 -0.147 -0.106 -0.129
D 0.550 0.576 0.583 -0.151 -0.119 -0.144

The data presented in the figures and tables show satisfactory qualitative
consistency of the data obtained using different approaches. It should be noted that
as the number of members of the Fourier series increases, the diagrams obtained in
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the first approach become more and more similar to the curves using the solution of
the time-dependent boundary integral equations (4), i.e., using relations of the
second approach.
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Bopona FO.B., Kozak A.A.
I'PAHUYHOEJIEMEHTHI OIAXOAU A0 3AJJAYI ITPO HECTAIIOHAPHI IIPY’KHI
KOJIMBAHHSA Y IBOBUMIPHIA MOCTAHOBIII

Jlnst  aHamidzy HeCTalliOHApHHX KOJIMBAaHb IMPYKHHX MAacCHBIB BHKOPHCTOBYIOTHCS JBa
IpaHHYHOENEMEeHTHI migxoau. Ilepinii moB's3aHuil 3 HEPeXOfOM B YAaCTOTHY 00J1acTh, a APYTHi
peasizye mpolenypy iHTerpyBaHHs 3a 4acoM. IIpOBeIeHO MOPIBHSHHS METOAIB MPHU BHPILICHHI
3ajadi PO IMIyJbCHE HABAHTAXKEHHS MPYXHONO CEPENOBHINA 3 [BOMA IIMIIHAPUYHUMHU
HOPO)KHUHAMH.

KurouoBi cjioBa: rpaHHYHO-4acoBi iHTErpajbHi pPIBHAHHS, YacToTHa oOsiacTb, QYHKIIT
Tankesst, psg MakiopeHa, iMITyJIbCHE HaBaHTA)XKCHHSI.

Bopona FO.B., Kozak A.A.
T'PAHUYHODJEMEHTHBIE NOAXOAblI K 3AJAYE INIPO HECTALMWOHAPHBIE
VIPYI'ME KOJEBAHMSI B IBYMEPHOM IOCTAHOBKE

Jlis  aHanM3a HECTALIMOHAPHBIX KOJEOAaHHM yNpyrux MaCCHBOB HCIIOJIB3YIOTCS  JIBa
IPaHUYHORIEMEHTHBIX oaxona. [IepBblii M3 HUX CBs3aH C MEPEXOAOM B YACTOTHYIO 00JiacTh, a
BTOPOH peanu3yeT Mpoueaypy HHTErpUPOBAaHUs 110 BpeMeHH. [IpoBeieHo cpaBHEHHE METO0B IpH
peuieHnn 3aja4u 00 MMITYyJbCHOM HArpy)KeHHH YIPYroil cpeiabl € JBYMs LMJIMHIPUYECKUMH
HOJIOCTAMMU.

KiroueBble cj10Ba: IpaHMYHO-BPEMEHHBIC HMHTErpalibHbIE ypaBHEHHUS, 4YacTOTHasi 00JacTh,
(ynkummn INankens, psa MakiopeHa, HMITyJIbCHOE Harpy»KeHue.

VK 539.

Bopona FO.B., Kozak A.A. I'paHn4HOe1eMeHTHI NmiaAXoau 10 3a1a4i Npo HecTanioHApPHI NMpy:KHi
KOJIMBAHHS Y IBOBUMIpHIiii mocTanoBui / Onip MaTepiasiB i Teopist Copy/: HayK.-TeXH. 301 pHUK.
—K.: KHVFBA, 2020. — Bum. 104. - C. 321-327.

B npoyeci Oocnioocennss HecmayioHapHux — KOAUSAHb  NPYJICHO2O — Cepedosutyd 3 080MA
YUTTHOPULMHUMU NOPONCHUHAMU NIO OIEI0 IMNYIBCHO20 HABAHMANCEHHS NOPIBHIOIOMbCS MIdC COH0I0
06a epanuyHoenemMenmui nioxoou.

Tab. 4. Puc. 1. bi6uiorp. 4 Ha3s.
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Vorona Yu.V., Kozak A.A. Boundary element approaches to the problem of 2-D non-stationary
elastic vibrations // Strength of Materials and Theory of Structures: Scientific-and-technical
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