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CIVIL AND ENVIRONMENTAL ENGINEERING

UDC 728.03

A REVIEW OF SOURCES FOR THE STUDY OF ARCHITECTURE IN WESTERN
BELARUS, PUBLISHED IN THE PERIOD 1921-1939 IN THE SECOND POLISH REPUBLIC

S. V. Kivachuk?!, T. A. Panchenko?
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Abstract

The development of the professional architectural environment in the Second Polish Republic during the 1920 s — 1930 s took place in the
context of active promotion of the latest achievements of the world and, subsequently, their own experience in architec tural and urban planning
theory and practice. This experience has been included in dozens of different publications that have become primary sources in the study of
architecture and urban development in both the Second Polish Republic and Western Belarus. The article examines periodicals, reports of
state-owned organizations, archival materials containing information about the studied objects on the territory of Western Belarus in 1921-
1939. The most significant publications are described — the magazine «Architecture and Construction», reports of the Ministry of Public Works
and the Military Housing Fund.

The key periodicals for the study are the journals «Architektura i budownictwo» and «Dom, Osiedle, Mieszkanie». A special place is
occupied by reports on housing construction — «Budowa doméw dla urzednikéw panstwowych w wojewddstwach wschodnich», «Budowa
pomieszczen dla korpusu ochrony pogranicza i doméw dla urzednikéw panstwowych w wojewddztwach wschod nich», «Domy mieszkalne
Funduszu Kwaterunku Wojskowego», «Sprawozdanie Funduszu Kwaterunku Wojskowego 1927-1937». A significant array of primary sources
on the topic of research is located in the State Archives of the Brest Region. Most of the described sources are remotely acc essible (digital
libraries of universities, digitized archival materials) and are accessible through online resources indicated in the text of the article.

Keywords: history of architecture and urban planning, Western Belarus, review of sources, «Architecture and construction».

OB30P UCTOYHUKOB K U3YYEHUIO APXVITEKTVPva3AI'IA}.'lHOl7IVBEHAPYCVI, ONYBNTMKOBAHHbIX
B MEPUOQ 1921-1939 I'T. BO BTOPOW MONIbCKOW PECNYBJTUKE

C. B. Kuauyk, T. A. MaHyeHko

Pechepar

Passutiie npocheccroHanbsHOM apxUTeKTypHoi cpedbl Bo Bropoit Momnbckont pecnybnnke B Teverne 1920-1930-x rogoB MpOMCXOAUNO B YCMOBMSIX
aKTVBHOW MponaraHbl HOBEMLLMX JOCTVDKEHWUIA MUPOBOTO M, BMIOCTIEACTBIW, COOCTBEHHOIO OMbITa apXUTEKTYPHO-TPAA0CTPOMTENBHON TEOPUM U MPAKTUKA. 3TOT
OMbIT BOLLEN B [AECATKW Pa3nnyHbIX U3AAHWIA, CTaBLUMX CEFOAHS NEPBOUCTOMHMKAMM B U3YHYEHUM apXMTEKTYPbI M rPafoCTpOUTENBLCTBA Kak Bropoit Monbckoit
pecnybnuku, Tak 1 3anagHoi Benapycu. B cTaTbe paccMatpuBatoTCs NEpUOAMYECKME W3LaHusi, OTYETbI OCYAAPCTBEHHBIX OPraHU3aLui, apXMBHble
MaTepwanbl, conepxalLme nHgopmaumio 06 nccneayembix 0bbekta Ha Tepputopun 3anagHon benapycn 1921-1939 rr.

KntoyeBbIMM NS MCCIEAOBAHMS MEPUOAUYECKMM W3OAHWSMM BbICTYMaOT XypHanbl «Architektura i budownictwo» n «Dom, Osiedle, Mieszkanie».
OtzenbHOe MECTO 3aHUMAKOT OTYETHI O CTpOUTENLCTBE XUrbst — «Budowa doméw dla urzednikéw paristwowych w wojewddstwach wschodnichy, «Budowa
pomieszczen dla korpusu ochrony pogranicza i doméw dla urzednikéw panstwowych w wojewddztwach wschodnichy, «Domy mieszkalne Funduszu Kwaterunku
Wojskowegoy, «Sprawozdanie Funduszu Kwaterunku Wojskowego 1927-1937». 3HaunTenbHbIA MaccyB NEPBOMCTOYHVIKOB MO TEME UCCTIEA0BaHNS HAXOAMTCA
B 'ocynapcTeeHHOM apxvse Bpectckoi obnactu. Borbluas 4acTb 13 OMUCaHHBIX MCTOYHUKOB HAXOAWTCS B YAANEHHOM [ocTyne (Lmdposbie Gubnmotekn
YHWBEPCUTETOB, OLMPOBaHHbIE apX1BHbIE MaTepuarb) W OCTYMHa YePe3 OHMaliH-PeCYpChI, ykasaHHbIE B TEKCTE CTaTbY.

KntoueBble cnoBa: 1CTOPUS apXUTEKTYpbI M IPafocTpouTensCTBa, 3anagHas benapych, 0630p MCTOUHWUKOB, «ADXUTEKTYPa U CTPOUTENBCTBOY.

Introduction

Since the beginning of the 21st century, the interest of researchers
around the world in the architectural heritage of the interwar period has
increased significantly. Many objects of this period are taken under state
protection, becoming part of the national cultural heritage [1, p. 72].
In Belarus, the architecture and urban planning of the Second Polish
Republic have been practically unstudied. Nevertheless, modern ap-
proaches to architectural and urban planning activities that developed in
the European culture of those years were implemented in many buildings
in Western Belarus.

Materials and sources of the period chronologically coinciding with
the time boundaries of the study play a huge role in the study of architec-
tural issues from 1921 to 1939. These are various periodicals, archival
materials, catalogues, collections and reports on construction, which
contain an array of graphic and textual information about the objects
under study.

Review of sources

Research by domestic (A. Shamruk and E. Morozov) and foreign
(O. Mikhailishin, 1. Vislotskaya, A. Olshevsky, P. Krakovsky, M. Pchelkov-
sky and others) authors on architecture and urban planning of the Second
Polish Republic are based on information from primary sources, which
are publications of the period 1921-1939. They reflected the latest archi-
tectural and urban planning concepts generated in the largest architec-
tural centers of Poland — Warsaw and Lvov [2, p. 57]. The most important
sources of information both in Polish professional circles and for archi-
tects of the western regions of Belarus were periodicals that reflected the
entire range of architectural issues and covered the latest achievements
of the industry [3, p. 48]. The range of issues raised in the pages of peri-
odicals was closely linked to the socio-economic processes in the state
and was aimed at solving pressing social problems: urban construction,
development of housing stock and infrastructure facilities, and improve-
ment of the urban environment.
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The illustrated monthly «Architektura i budownictwo» (Architecture
and Construction) is the most authoritative magazine of that time.
The editorial board of the magazine included the best architects of the
country (R. Gutt, J. Zhuravsky, T. Novakovsky, J. Lisetsky, T. Burshe,
and others). The magazine was published from 1925 to 1939, the total
volume is almost 7000 pages [4] (Figure 1). The authors' collective de-
voted monthly issues with a large number of illustrations (about 35-40
pages) to issues of architectural, urban planning and construction activi-
ties. The information posted in the magazine can be presented in the
form of three blocks: 1) description of constructed objects in the country,
2) competitive projects for government orders, 3) review of foreign expe-
rience in design and construction. Some of the issues were thematic
(No. 6, 1926 — Exhibition «Apartment and City»; Nos. 2-3, 1929 — On the
Construction Activities of the Military Housing Fund; No. 4-5, 1930 —
Construction of Bank Buildings; No. 4, 1933 — Housing Construction;
No. 10-12, 1933 - Military Architecture; No. 8-10, 1936 — In Memory of
Architect Czestaw Przybylski, etc.). A number of articles related to the
topic of the research were placed in the issues: No. 2, 1937 (military
urban planning and urban planning techniques aimed at concealing ob-
jects from the enemy); No. 1, 1938 (general plans for various cities and
towns), No. 6, 1939 (air and gas protection for buildings).

% ©
R
o
.-

ARCHITEKTURA
1 BUDOWNICTWC

WarlrszZadawa

Figure 1 — Journal «Architecture and Construction»

The monthly’s special feature is its materials, rich in illustrations, de-
voted to numerous national architectural competitions [10]. The pages of
the magazine describe competition projects for the construction of large
public buildings (No. 10, 1927 — Competitions for the buildings of the
Ministry of Public Works and the Bank of National Economy; No. 7,
1930 — For the building of the Museum of Arts and Crafts). A special
group consisted of competitions aimed at solving problems of urban plan-
ning of residential units (quarters, districts) of cities (in particular, War-
saw, Radom (No. 9, 1926), Poznan (No. 1, 1932)) and villages, which
solved problems unprecedented in the urban planning practice of Poland.

The editorial board of the journal strove to inform the Polish architec-
tural community as widely as possible about the latest world trends in the
professional field. Thus, articles by A. Loos «Architecture» (No. 3, 1931),
F. L. Wright «On the New Style» (No. 7, 1932), etc. were published in
translation (in full or as abstracts) [5]. A number of issues included a
review of the experience of European and American countries: No. 2 and
No. 11-12, 1927 — Exhibition of the German Werkbund in Stuttgart
(Weissenhof settlement); No. 7, 1930 — Architecture of Holland, works of

arch. G. Rietveld; No. 1, 1931 — California School of Architecture, works
of arch. R. Neutra; No. 3, 1931 — Housing construction in Germany,
works by arch. O. Hessler.

The journal subscription is stored in the State Archives of the Brest
Region (SABR), as well as in remote access on the website of the Digital
Library of the Warsaw University of Technology and the Digital Library of
the Lublin University of Technology [6, 7].

The second most important journal, «<Dom, Osiedle, Mieszkanie»,
DOM (House, Estate, Apartment), was devoted to residential architecture
(Figure 2). Issues No. 4-6 for 1937 contained a report on the construction
of housing by the Workers' Settlement Association «Budownictwo
mieszkaniowe Towarzystwa Osiedli Robotniczych» (TOR).

o TYCZEN 3538

Figure 2 - Journal «House, Estate, Apartment»

Of no small importance for the study are some other periodicals con-
taining information on the design and construction of the interwar period:
«Album Mtodej Architektury», «Architekt», «Komunikat SARP-u», etc.
The peculiarities of regional development were covered by newspapers,
including «Gazeta Poleska». An idea of the applied design solutions,
materials and technologies for the construction of buildings is given by
construction magazines «Przeglad Budowlany», «Betony, etc.

Thus, general information on the development of the industry, the
latest achievements and major projects is reflected in periodicals (jour-
nals, newspapers, albums). Information on specific objects erected in the
study area during the period 1921-1939, their number, authors, time of
construction and other characteristics necessary for their attribution, is
contained in reports and statistics of various government organizations
(construction reports, collections, catalogues, anniversary editions).

Since 1921, the construction of housing projects in the western re-
gions of Belarus has been carried out at the state level by the Ministry of
Public Works. After 5 years of active work on the construction of new
projects in the Eastern Voivodeships of the country, the Ministry pub-
lished the collections «Budowa doméw dla urzednikéw panstwowych w
wojewddstwach wschodnichy, 1925 and «Budowa pomieszczen dla kor-
pusu ochrony pogranicza i doméw dla urzednikéw panstwowych w wo-
jewddztwach wschodnich», 1925. They contain complete information on
the projects built in the first half of the 1920s on the territory of Western
Belarus (the period 1921-1925). The first collection is devoted to the con-
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struction of employee colonies in the Eastern Voivodeships of the country
(Western Belarus, part of modern Ukraine and Lithuania). It provides data
on the location of all construction projects (on cartograms), their main tech-
nical and economic indicators and estimated construction costs; indicates
the firms performing construction work, the managers of the work on site;
provides a list of types of houses and the authors of their projects; presents
projects of individual buildings and employee colonies (in the form of master
plan diagrams, visual illustrations (book graphics and photography), and
building drawings). A significant part of the information in the collection is
devoted to the construction of employee colonies in Brest.

The second collection (parts Il and IIl) describes the construction of
facilities for the Border Guard Corps and partially repeats the information
on the construction of colonies for employees from the previous edition.
The collection is also rich in various cartograms and illustrations. A signif-
icant portion of the information is devoted to the construction of a com-
plex of Corps buildings in Kletsk and in the village of Ludvikovo in the
Gantsevichi District of the Brest Region.

In the period from 1927 to 1939, the Military Quartering Fund
(Funduszu Kwaterunku Wojskowego, FKW) of the Construction Depart-
ment of the Ministry of Military Affairs was responsible for the construction
of housing facilities in the western regions of Belarus at the state level.
The Fund periodically published reports on the construction: «Domy
mieszkalne Funduszu Kwaterunku Wojskowego. Sprawozdanie 1927-
1930», 1930, «Domy mieszkalne Funduszu Kwa-terunku Wojskowego.
"Sprawozdanie 1930-1933», 1934 (Figure 3), «Sprawozdanie Funduszu
Kwaterunku Wojskowego 1927-1937», 1938. The reports contain com-
plete information about the objects built from 1927 to 1937 on the territory of
the Second Polish Republic. The report on the construction of objects after
1937 was probably not published due to the outbreak of World War I.

‘ S

FUNDUSZU QWA'TERUNK
WOJSKOWEGO

Figure 3 - FKW Report 1930-1933 (Volume 1)

The first two reports (volumes) for a three-year period. The reports
contain a «balance» by calendar periods (estimated cost), a list of real
estate in the FKW account with its cost, the basics of FKW real estate
management; a list of objects (in the form of a cartogram and tables),
drawings of houses (fragments of plans and cross-sections) with a brief
description and main technical and economic indicators; photographic
documentation of completed buildings and their interiors. The reports
reflect information on the construction of residential buildings for the gar-
rison in Molodechno, and individual buildings in other cities of Belarus.

The report on the activities of the Fund for the next three years
(1934-1937) is presented in the general report on the construction of
houses, «Sprawozdanie Funduszu Kwaterunku Wojskowego 1927-
1937», 1938. This report for a ten-year period also contains information
from the previous reports in a more condensed form and is the main
report on the activities of FKW for the entire period of its existence. The
report includes: the rules and principles that the Fund follows in the de-
sign and construction of its projects; a «balance» by calendar periods
(estimated cost); a list of real estate in the FKW account with their value;
a complete list of all designers (engineers, architects) and student interns
of the Fund; a list of construction and engineering firms implementing the
projects; a cartogram of the location of objects throughout the country; an
alphabetical list of all the Fund's houses in the form of a table; a graphic
section in the form of photographs or perspective images of buildings,
general plans, fragments of floor plans (apartment plans) and their brief
descriptions; a detailed description of the main departmental facilities of
the country, built by the Foundation.

The report presents information on the construction of the former set-
tlement of Trauguttovo in Brest, a residential complex in Postavy, build-
ings of the Gelenovo garrison in Molodechno, a group of residential build-
ings in Slonim and individual buildings in other cities of Belarus.

Information on the activities of the Construction Department of the
Ministry of Military Affairs for almost the entire interwar period is present-
ed in the two-volume publication «Budownictwo wojskowe 1918-1935»,
1936. The first volume is devoted to the history of construction and modern
construction in individual areas of the national economy: barracks buildings,
public buildings, health care, religious buildings, urban planning, housing
construction. The second volume covers construction production technolo-
gies, features and rules for engineering equipment of buildings.

A separate place is occupied by catalogues with building projects
recommended for repeated use and standard construction. The newly
created Polish state faced problems in implementing the educational
program in the first decade. One of them was the shortage of school
buildings and the impossibility of adapting existing facilities to the needs
of schools. In 1925, the Ministry of Religion and Education (Ministerstwo
Wyznan Religiinych i O$wiecenia Publicznego) published a catalogue of
public school projects for repeated use (includes 48 projects) [8]. The
catalogue presents schools of various capacities, for various construction
areas, and also provides the minimum and optimal composition of school
building premises, and provides the main regulatory requirements for the
building and its site.

Since 1933, a significant portion of individual houses in the country, in-
cluding in Western Belarus, were built according to projects developed by
architects for the Bank of National Economy (Bank Gospodarstwa Kra-
jowego, BGK); these projects were placed in the catalogue «Katalog ty-
powych doméw dla drobnego budownictwa mieszkalnego. Bank Gospo-
darstwa Krajowego», 1934. The catalogue contains 83 projects of individual
residential buildings (one-, two-apartment and block), developed by archi-
tects on a competitive basis. In the catalogue, the projects are presented
only in the form of sketches, allowing one to make a choice [9].

Following the Warsaw Housing Exhibition of 1935, the BGK pub-
lished a catalogue of houses, the «Katalog Wystawy Budowlano-
Mieszkaniowej Banku Gospodarstwa Krajowego w Warszawie na Kole
1935 maj-sierpier» and offered preferential loans for housing construc-
tion based on its own designs (Figure 4). Interested customers purchased
initial designs from the Bank and erected houses on designated plots,
often through the Workers’ Settlement Association. Local authorities
merely approved the placement of the building on the designated plot.

Thus, information on specific objects erected in the study area in the
period 1921-1939, their quantity, authors, construction time and other
characteristics is provided in the reports and statistics of state organiza-
tions (collections, catalogues, construction reports).

A significant array of primary sources on the topic of the study is pre-
sented in domestic and foreign archives and libraries. In the territory of
the Republic of Belarus, this is, first of all, the State Archives of the Brest
Region (SABR). Fund 1 of the SABR «Polesie Voivodeship Administra-
tion» contains information on the construction of housing in the territory of
the Polesie Voivodeship [10, 11]; Fund 2 «Brest District Starostwo» — on
construction in the territory of the Brest District and the city of Brest [12];
Fund 5 «Brest City Administration» — on the construction of both public
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and private housing in the city, in particular — on the construction of build-
ings in the colonies of employees in Brest [13]; Fund 67 «Command of
the Corps of District No. 9 in the City of Brest» stores information on
departmental construction in the district [14, 15].

Figure 4 — BGK catalogue of the 1935 exhibition in Warsaw

A special place among the sources for studying the architecture and
urban planning of the interwar period is occupied by remote access mate-
rials (digital libraries of universities, digitized archival materials), available
through the following online resources:

1) National Digital Archives (NAC) [16]. The archive contains digit-
ized graphic materials, primarily historical photographs of objects in
Western Belarus from 1921 to 1939 (Brest, Baranovichi, Molodechno and
other cities).

2) Digital Library of the Warsaw University of Technology [6]. The li-
brary stores digitized journals of the interwar period, including «Archi-
tektura i budownictwo», «Dom, Osiedle, Mieszkanie», «Album Mtodej
Architektury», «Architekt», «Przeglad Budowlany», «Komunikat SARP-
uy; collections of the Ministry of Public Works from 1925 on the construc-
tion of housing for civil servants and the Border Guard Corps in the East-
ern Voivodeships.

3) The Digital Library of the Lublin University of Technology [7] also
contains journals from the interwar period, including «Architektura i
budownictwon.

4) Archives of the Central Military Library named after Marshal Jozef
Pitsudski [17]. The library contains reports of the Military Housing Fund
for 1927-1930, 1930-1933, 1927-1937.

5) Pomeranian Digital Library [18]. The library's website contains a
two-volume report of the Construction Department of the Ministry of Mili-
tary Affairs for 1918-1935.

6) Silesian Digital Library [19]. The library contains a digitized cata-
logue of the 1935 exhibition of the Bank of National Economy.

7) Lower Silesian Digital Library [20]. The library contains the publi-
cation «Stownik arkitektéw i budowniczych Polakdw oraz cudzoziemcow
w Polsce pracujacychy.

8) Electronic catalog of the US National Archives [21]. The National
Archives at College Park, Maryland contains digitized cartographic mate-
rials (aerial photography) of the territories of modern Belarus, Poland, and
Ukraine.

Conclusion

The above-described publications, such as «Architektura i budownic-
two», «Dom, Osiedle, Mieszkanie», provide an opportunity to consider
the architecture and urban planning of Western Belarus in the context of
the development of the industry in the Second Polish Republic and West-
ern Europe as a whole, to identify the main directions and trends in hous-
ing construction and urban planning practice.

The information collected in one-off publications (reports, collections,
catalogues) allows us to evaluate the urban planning, architectural plan-
ning, construction, compositional, stylistic and other characteristic fea-
tures of the studied objects of the period 1921-1939 on the territory of
Western Belarus.
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Abstract

Based on complex experiments, an assessment was made of the use of flax noils as a fibrous structure-forming material for thermal insulation
boards. The article presents information on the selection and ratio of thermal insulation components based on flax noils. The indices of sorption humidity
at a relative air humidity of 40-97 % and the vapor permeability coefficients of insulation materials made of noils are determined. The issues of
resistance of thermal insulation materials to fungus are considered. The results of full-scale tests of a wall enclosure with a ventilated insulation system,
an external wall with a wooden frame system and an attic floor structure of residential buildings in operation, including insulation materials based on flax
noils and fibres as thermal insulation, are presented. Based on the obtained data, the values of thermal transfer resistance of the enclosing structures
under study are calculated. Based on the test results, it was determined that the wall enclosing structures containing flax noils thermal insulation boards
provide a heat transfer resistance of 3,24-4,55 (m2:°C)/W at an air temperature of —22 °C and -23 °C. At an air temperature of =17 °C, the thermal
resistance of the attic floor with insulation based on flax noils is 6,27 (m2:°C)/W. It was found that the heat transfer resistances of the experimental
enclosing structures with flax noils thermal insulation materials exceed the indicators of the walls and attic floor structure, including flax fiber thermal
insulation, by 11-16 %. Based on the tests conducted, the effectiveness of thermal insulation boards made from noils was confirmed in comparison with
insulation materials based on various plant materials, including flax fibres.

As a result of the research, the rational use of flax noils as a structure-forming component of thermal insulation for low-rise residential buildings was
substantiated.

Keywords: heat insulating material, flax nails, sorption humidity, vapor permeability coefficient, thermal transfer resistance.

YTEMNUTEND U3 NTbHAHBLIX OYECOB ANA TENMOU3ONALMN XUIbIX MANOSTAXHbBIX 30AHUN
A. A. BakatoBuy, C. A. PomaHoBCKuMiA

Pedepar

Ha 0cHOBaHNM KOMMNEKCHbIX 3KCMEPUMEHTOB NPOBEAEHA OLIEHKa MCMONb30BaHNS NbHAHBIX O4ECOB B KAYECTBE BONOKHUCTOrO CTPYKTYpOoObpasytoLLero
matepuana TennousonsaLUMOoHHbIX NnuT. MpuBeaeHs! cBeAeHUs 0 Nogbope M COOTHOLIEHUM KOMMOHEHTOB TEMMOBON W3ONSALMM Ha OCHOBE OYECOB JbHa.
YcTaHoBMNeEHb! MokasaTenu COpOLMOHHOA BMAXHOCTW MpU OTHOCWUTENbHONA BnaxHocTu Bo3pyxa 40-97 % ' koadhdmumMeHTbl NaponpoHULaeMocTy
yTennuTeneit n3 04ecoB. V3ydeH BOMPOC CTOMKOCTW TEMMOM3ONSALMOHHBIX MaTtepuarnoB K nosBreHnio rpubka. MpencraeneHsl pesynbTatbl HATYpPHbIX
VCTIbITAHWA CTEHOBOTO OTPAXAEHUM C BEHTUNMPYEMOI CUCTEMOW YTENMNEHWs, HapYXHO CTEHbl C AEPEBSHHOM KAapKacHOW CUCTEMOW U KOHCTPYKLWM
4epaayHoro NepekpbITUS SKCTyaTUpyeMbIX XUNbIX JOMOB, BKIOYAIOWMX B KA4YECTBE TEMMOBON W30MSALMM YTENNUTENN HA OCHOBE NbHSHBIX OYECOB M
BONOKOH. OCHOBBIBAsICL Ha MOMYYEeHHbIX AaHHbIX, PAccYMTaHbl 3HAYEHUS COMPOTUBIIEHWS TEMNonepeaade uccreayembix OrpaXaatoLyX KOHCTPYKLMIA.
Mo uToram ncnbITaHUiA ONPEREeneHo, YTO CTEHOBbIE OrPaXAAtOLLME KOHCTPYKLIMM, COAEPXKALLME TENMOU3ONALMOHHBIE MNUTLI U3 O4ECOB, NPU TEMMNepaType
Bo3gyxa —22 °C un -23 °C obecneumBaioT conpotuneHne tennonepegaqn 3,24-4,55 (m2-K)/BT. Mpu Temnepatype Bosgyxa —17 °C Tepmuyeckoe
COMPOTUBIEHWE YEPAAYHOr0 MepeKkpbITUS C YTENNUTENSMWA HA OCHOBE OYECOB NbHa cocTasnsieT 6,27 (M2-K)/BT. YcTaHOBMEHO, YTO COMPOTVBREHWS
Tennonepeaaye aKCnepUMEHTANbHbIX OrpaaatoLLyX KOHCTPYKLMA C TENMON3OMSALMOHHBIMU MaTepuanamm U3 MbHsHbIX 04ECOB MPEBbILLAIOT NOKasaTeny
CTEH M KOHCTPYKLMM YEPAAYHOr0 NEPEKPLITUS, BKITOYAIOLLMX TEMMOBYHO U30MALMI0 HA OCHOBE BOJIOKOH NbHa, Ha 11-16 %. Ha ocHoBaHUM npoBefeHHbIX
VCTIbITAHUA MOATBEPXAEHA 3(PDEKTVBHOCTL TENNOM3ONALUMOHHBIX MAUT U3 O4ECOB OTHOCUTENBHO YTEMAUTENEN Ha OCHOBE PasnU4HOr0 PacTUTENbHOMO
CbIpbsl, BKIMHOYAS NbHSHbIE BOMOKHA.

B pesynbTate mccnenoBaHuii 060CHOBaHO paLyoHanbHOE NPUMEHEHNE NbHSHBIX O4ECOB B KAYECTBE CTPYKTYPOOBpasytoLLEero KOMMNOHEHTA TENMOBON
U30NALNM NS KUMbIX MANOSTaXHbIX 3aHMIA.

KntoueBble cnoBsa: yTennuTenb, O4YeChl fbHa, COPOLMOHHAs BRAXHOCTb, KOI(MULMEHT NaponpoOHMLAEMOCTH, TEPMUYECKOE COMPOTUBMEHNE
Tennonepeaave.

Introduction

Growing energy consumption costs for heating residential and public
buildings stimulate the development and use of new efficient thermal
insulation materials that help increase the thermal resistance of enclosing
structures. In addition to improving thermal performance, modern
insulation materials also have environmental requirements. It should be
noted that manufacturers and suppliers of thermal insulation both in
Belarus and in other countries are not always ready to meet customer
requirements for the environmental safety of thermal insulation. One of
the most appropriate solutions for the production of environmentally
friendly thermal insulation materials is the use of secondary fibrous plant

materials of agricultural origin. The demand for this area is confirmed by
scientific research conducted in many countries on the development of
insulation using plant materials [1-5].

In Belarus and the Russian Federation, the most well-known applica-
tion of flax fibers is as a structure-forming material for thermal insulation
boards. Polyester fibers are used as a binder for insulation materials of
the «Akoterm Flax» trademark [6], and starch is used for thermal insula-
tion materials of the «Ecoteplin» brand [7]. Thermal insulation boards
have a thermal conductivity coefficient of 0,038 to 0,04 W/(m-K) with an
average density of 30-34 kg/m3 and are used to insulate enclosing struc-
tures of low-rise buildings. The disadvantages of thermal insulation made
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of flax fibers include high price and limited use due to the lack of rigidity of
the material structure. It is also worth noting the low level of fire protection
of «Akoterm Flax» thermal insulation boards, which belong to flammability
group G4. To reduce the fire hazard of «Ecoteplin» thermal insulation
materials, borax is added to the composition during the production of
thermal insulation.

Research into the development of insulation materials based on in-
dustrial hemp and various binders such as polyester, polyalky fibers, and
without a binder using a fire retardant is being conducted in various coun-
tries [8-10]. With a density of 35-90 kg/m?, thermal insulation materials
have a thermal conductivity coefficient of 0,037 to 0,04 W/(m-K). High
cost and limitations in the area of application hinder the popularization of
insulation materials based on hemp fibers.

Coconut fibers were used to produce thermal insulation boards based
on secondary plant materials in Trinidad and Indonesia [11, 12]. The re-
search results showed that the thermal insulation material has the following
thermal engineering characteristics: average density of 30-115 kg/m3 and
thermal conductivity coefficient of 0,058—0,104 W/(m-K).

In Malaysia, the thermal insulation properties of thermal insulation
made from oil palm bark fibers were studied [13, 14]. Samples of thermal
insulation boards were made using only bark fiber. With an average den-
sity of 20 to 120 kg/m3, the experimental compositions of thermal insula-
tion boards provide a thermal conductivity coefficient in the range of
0,03-0,092 W/(m-K). Insulation materials based on a mixture of oil palm
fibers and cellulose fibers were also obtained. Formaldehyde resin was
used as a binder [15]. With the content of oil and cellulose fibers in a ratio
of 1:1, the thermal conductivity coefficient of the thermal insulation boards
at an average density of 250 kg/m3 is 0,045 W/(m-K).

Cotton fibers were used as a structure-forming material for thermal
insulation in a scientific paper [16]. The insulation is characterized by the
following thermal performance indicators: average density of
150-450 kg/m3  and  thermal  conductivity  coefficient  of
0,059-0,082 W/(m-K). Thermal insulation boards are intended for insula-
tion of walls and attic floors.

Research by scientists from India is devoted to the production of
thermal insulation materials from banana, pineapple and jute fibers [17].
Analysis of the obtained data allowed us to establish that the lowest val-
ues of the thermal conductivity coefficient were recorded with the follow-
ing quantitative composition of the fiber components: banana — 60 %,
pineapple — 32 % and jute 8 %. When banana fibers are used separately
as a structure-forming material, the thermal conductivity coefficient of the
insulation is 0,041-0,067 W/(m-K) with an average density varying from
20 to 120 kg/m3 [18].

The search for alternative raw materials of agricultural origin for the
production of thermal insulation boards is a relevant area for many coun-
tries around the world. With the correct selection of a binder, thermal
insulation based on plant fibers should provide high thermal and opera-
tional properties. Comprehensive research on the production of thermal
insulation boards based on plant fibers is carried out at the «Green Con-
struction» laboratory at the Euphrosyne Polotskaya State University of
Polotsk. Particular attention during testing is paid to the environmental
safety of thermal insulation materials.

Methodology of experimental research

Samples of insulating materials made of flax noils or fibers were
manufactured in accordance with a certain sequence of technological
operations. The components were preliminarily dosed. To obtain a modi-
fied binder, lime was first added to the liquid sodium glass, and then gyp-
sum was added. After each of the additive components was added, the
binder was mixed. The mold was filled with fibrous structure-forming
material uniformly and layer by layer throughout the entire volume.
The binder was applied to each laid layer in turn, using a sprayer. Then,
the samples of thermal insulation materials based on flax noils or fibers
were kept in the mold for 6 hours at a temperature of 20£2 °C and
stripped. Then the thermal insulation samples were dried for 4 hours at a
temperature of 45-55 °C.

The average density of the samples was determined according to
GOST 17177 «Building thermal insulation materials and products. Test
methods» [19].

The thermal conductivity coefficient of the insulation materials was
measured on sample slabs measuring 250x250x30 mm using the ITP-

MG4 «250» device, in accordance with the requirements of Standards of
the Republic of Belarus 1618 «Construction materials and products.
Methods for determining thermal conductivity under steady-state thermal
conditions» [20].

The determination of the water resistance of liquid glass modified
with lime and gypsum was carried out according to the method given in
the research paper [21].

The sorption moisture content of thermal insulation boards was de-
termined according to Standards of the Republic of Belarus EN 12088
«Building thermal insulation products. Method for determining sorption
moisture content» [22].

The vapor permeability of thermal insulation was studied in accord-
ance with Standards of the Republic of Belarus EN 12086 «Building ther-
mal insulation products. Method for determining vapor permeability» [23].

The thermophysical properties of thermal insulation boards under
operating conditions were studied using the RTP-1-16T information and
measuring complex. The ambient air temperature, on the surface and
inside the materials under study were recorded using thermocouples, and
heat flow indicators were measured using heat flow converters.

After full-scale tests, to study the humidity in thermal insulation mate-
rials, prism samples measuring 50x50 mm in cross-section were cut out
along the thickness of the insulation. Then the prism sample was cut into
fragments of the same thickness. Then each sample was weighed and
placed in a drying cabinet. Upon reaching a constant mass, the fragments
were weighed again. Humidity was determined by the change in the mass
of the samples before and after drying.

Main points

Components of thermal insulation material. The initial stage of the
research involved selecting a fibrous structure-forming material for pro-
ducing thermal insulation boards based on secondary plant materials.
Flax noils, flax fibers, jute, coconut, bamboo, nettle, cotton waste and oil
palm bark fibers were considered as structure-forming materials. Liquid
sodium glass was used as a binder. The thermal conductivity coefficient
of the samples was determined at an average density of 50 kg/m? and the
same component consumption. The tests showed that the samples based
on flax noils and nettle fibers have the lowest thermal conductivity coeffi-
cient of 0,041 W/(m-K) among the samples studied. The thermal conduc-
tivity coefficient of the samples made of jute, bamboo and cotton waste
fibers is 0,043 W/(m-K). The thermal conductivity of boards based on flax,
oil palm bark and coconut fibers exceeds the thermal conductivity coeffi-
cient of materials made from noils and nettle fibers by 15-32 %.

At the next stage, polyvinyl acetate dispersion, starch and rosin were
considered as alternative binders to liquid glass. The studies were con-
ducted on Belarusian plant raw materials - flax noils, flax and nettle fibers.
The results of the tests indicate that the thermal conductivity coefficient of
the samples on liquid glass and rosin have almost identical values and
are lower than that of the samples containing polyvinyl acetate dispersion
and starch by an average of 10 %. It should be noted that there are diffi-
culties in ensuring the required amount and uniform distribution of rosin in
the structure of the material.

Liquid glass also has a disadvantage. When in contact with water, lig-
uid glass dissolves. In the course of the conducted research on ensuring
the durability of insulation materials when used in conditions of high humidi-
ty, the required amount of a two-component additive of lime and gypsum in
a ratio of 1:1 was established to increase the water resistance of liquid
glass. When introducing a modifying additive in an amount of 8-12 % of the
binder mass, the water resistance of liquid glass is 93-97 %.

Due to the lack of agricultural crop areas and production lines for ob-
taining fibers from nettle stems in Belarus, as well as the existing signifi-
cant difficulties with the distribution of rosin over the volume of thermal
insulation, flax noils and modified liquid sodium glass were adopted as
components of experimental compositions of thermal insulation boards.

Consumption of thermal insulation components. To determine the
quantitative compositions of thermal insulation materials based on noils,
providing a combination of the best thermal engineering characteristics,
studies were carried out to establish the range of variation of the fibrous
structure-forming material and modified binder. The lowest values of the
thermal conductivity coefficient of 0,034-0,04 W/(m-K) were achieved with
an average density of 60-100 kg/m3. The consumption of thermal insula-
tion board components is presented in Table 1.
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Table 1 - The consumption of thermal insulation board components
from flax noils

The consumption of components per 1 m3, weight percentage

structure-forming material binding modifying agent

0,86-0,92 0,08-0,14 0,08-0,12

Sorption moisture. Samples for determining sorption moisture were tak-
en from thermal insulation based on flax noils with an average density of
70 kg/m3, providing a thermal conductivity coefficient of 0,035 W/(mK).
The quantitative composition of the insulation components per 1 m3 corre-
sponded to the following values: flax noils - 60 kg/md, liquid glass - 9 kg/m3,
gypsum — 0,5 kg/m? and lime — 0,5 kg/m3. Based on the data obtained, an
isotherm of water vapor sorption of thermal insulation boards made of flax
noils was constructed (Figure 1).

40

30 +

20

Absorption humidity, %

0
30 40 50 60 70 80 90
Relative air humidity, %
Figure 1 — Isotherm of water vapor sorption by flax noils

100

The conducted studies allowed us to establish that the sorption
moisture content of the samples of thermal insulation materials based on
flax noils at a relative air humidity of 40 % is 10,2 %. The value of the
sorption moisture content of the samples at an air humidity of 60 %
increases by 1,4 times. The maximum value of the sorption moisture
content during storage of the samples at an air humidity of 80 % was
recorded at 19,2 %. At a relative air humidity of 90 %, the sorption
moisture content of the samples from flax noils reaches 26,5 %, and at an
air humidity of 97 % it is 37,6 %.

For comparison, the sorption humidity values of the samples of flax
fiber-based thermal insulation boards with identical quantitative
composition with flax noils insulation were determined. The obtained
experimental data indicate that at a relative air humidity of 40-90 %, the
sorption humidity values of the samples of flax fiber-based thermal
insulation practically coincide with those of noils materials. The sorption
humidity value of the flax noils insulation at an air humidity of 97 %
exceeds the value of flax fiber-based thermal insulation materials by 15 %.
In comparison with liquid glass thermal insulation boards without a two-
component additive, the introduction of lime and gypsum into the binder
allows to reduce the sorption humidity values of the insulation by 20 % and
18 %, respectively, compared with samples made of noils or flax fibers.

In addition, an analysis of the sorption moisture values of the
previously obtained and studied insulation materials based on plant raw
materials and liquid glass was conducted. At a relative air humidity of
60-80 %, the sorption moisture of thermal insulation materials based on
chopped straw, a mixture of straw and flax shives, eucalyptus fibers,
coconut, jute, as well as a mixture of rice husks and straw is in the range
from 8 to 24 % [24-27]. Based on these values, it can be concluded that
the sorption moisture of thermal insulation based on flax noils has values
close to those of insulation materials containing eucalyptus fibers, as well
as a mixture of rice husks and straw. At the same time, the sorption
moisture of thermal insulation materials made from noils is 24-42 %
higher than the values of thermal insulation boards based on coconut and
jute fibers, but 18-26 % lower than the values of thermal insulation made
from a mixture of straw and flax shives, as well as chopped straw.

Simultaneously with the determination of the sorption humidity of the
noils-based thermal insulation boards, the resistance of the samples to

the appearance of fungal formations at a relative air humidity of 90-97 %
was studied. Such conditions are as close as possible to the state of
insulation soaking when the continuity of the protective coating of the roof
or walls of the building is broken. After 200 days of keeping the samples
in a desiccator at a relative air humidity of 90 %, there was no spot
fungus on the surface of the materials. The formation of spot fungus on
the surface of flax noils was recorded on the 135 th day when storing the
samples in a desiccator with a relative air humidity of 97 %. It should be
noted that when the samples are in a desiccator with an air humidity of
97 %, the time of the onset of spot fungus formation on the surface of
noils coincides with the indicators of structure-forming materials made of
flax fibers, straw, a mixture of straw and flax shives, and also significantly
exceeds the value of thermal insulation based on a mixture of rice husks
and straw. At a relative humidity of 90 % in the desiccator, the formation
of spot fungus was not recorded on any samples.

Vapor permeability. The vapor permeability coefficient was deter-
mined on samples of flax noils measuring 110x110x50 mm. The quantita-
tive composition, density and vapor permeability coefficient of the studied
thermal insulation materials are presented in Table 2.

Table 2 - Composition, average density and vapor permeability coef-
ficient of insulation materials made from flax noils

Consumption of components Vapor permea-
Ne of per 1 m? kg ‘d\‘éﬁ;?ge bility
sample | flax | liquid | ' coefficient,
"% | oo | glass | me |gypsum | kgim® | LR
1 0 9 | 05| 05 20 0412
2 5 | 9 | 05| 05 80 0,388
3 70| 9 | 05| 05 80 0371
4 90 [ 9 | 05 05 | 100 0,356
5 0] 9 | 05] 05 | 120 0343

According to the data in Table 2, thermal insulation based on noils with
an average density varying from 40 to 120 kg/m3 provides a vapor permea-
bility coefficient within the range of 0,343-0,412 mg/(m-h-Pa). The estab-
lished indicators of vapor permeability coefficients and sorption moisture of
thermal insulation boards made of flax noils make it possible to calculate the
humidity regime of enclosing structures of designed buildings.

A comparative analysis of the vapor permeability indices of samples
based on plant waste has shown that the vapor permeability coefficients
of thermal insulation materials containing flax noils are 5-10 % lower than
the values of thermal insulation made from flax fibers and have values
close to those of insulation materials based on chopped straw, as well as
a mixture of straw and shives [24, 25]. The increase in the vapor permea-
bility coefficients of thermal insulation boards made from mineral fibers
relative to thermal insulation based on flax noils is 35-40 %.

Full-scale tests of enclosing structures with insulation made of flax
noils. In the autumn-spring periods of 2018-2024, full-scale tests of ther-
mal insulation boards based on flax noils were carried out in enclosing
structures of residential buildings in operation. Samples of insulation
based on flax fibers were used for comparative tests. Observations of
thermophysical processes occurring in enclosing structures containing
insulation made of flax noils or fibers were carried out to confirm the ef-
fective operation of thermal insulation materials on plant raw materials.
Samples based on flax noils or fibers were made in the form of slabs
measuring 1200(1000)x500(600)x100 mm and used as thermal insula-
tion in an external wall enclosure with a ventilated insulation system, an
external wall with a wooden frame system and an attic floor of a one-story
residential building. The average density of thermal insulation materials
used for wall structures corresponded to 100 kg/m3, for an attic floor —
70 kg/m3. The schemes of the investigated enclosing structures with the
location of thermocouples and heat flow sensors are shown in Figure 2.

Based on the obtained heat flow density values and temperature dis-
tribution across the thickness of the enclosing structures, the dependence
of the thermal resistance of heat transfer of the studied wall structures
and attic floor on the outside air temperature was determined (Figure 3).
For the attic floor, the outside air temperature was taken to be the air
temperature in the unheated attic. Full-scale tests for the specified struc-
tures were conducted in different time periods. For this reason, the ther-
mal resistance values for each enclosing structure are specified for its
own temperature range.
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I, 11, I1l, IV — boundaries of enclosure layers
1 - solid ceramic brick; 2 — insulation; 3 — water and wind protection membrane; 4 — air gap; 5 — facade metal cassette; 6 — thermocouple;

7 - heat flow sensor; 8 — vapor barrier; 9 - plasterboard; 10 —

edged board of ceiling sheathing; 11 — wooden floor beam

Figure 2 - Layout of thermocouples and heat flow sensors by section:
a — external wall with ventilated insulation system; b — house walls with wooden frame system; ¢ — attic floor structures

a

EhO O O
A OO N O ~

4
3,6
3,2
2,8
2,4
2
-24 -22 -20 -18 -16 -14 -12-10 -8 -6 -4
Air temperature,O C

Thermal resistance, (Mz' K)w

2 0 2

6,4

56
52
438
44
4
36
32
28
24
2
-24

Thermal resistance, (MZ'K)/W

22 -20 18 16 14 12 10 8 6 4 -2 0 2
Air temperature,’ C

1 - external wall with ventilated insulation system; 2 — house wall with wooden frame system; 3 - attic floor structure
Figure 3 - Dependence of thermal resistance of enclosing structures with insulation made of flax noils (a) and fibers (b) on the temperature
of the outside air (air in an unheated attic)

The dependencies presented in Figure 3 allowed us to establish that
the wall enclosure with a ventilated insulation system containing flax noils
insulation boards at an outside air temperature of -1 °C has a thermal
resistance of heat transfer equal to 2,4 (m2K)/W, which is 9 % higher
than the value of wall 1 with flax fiber-based materials. When the air tem-
perature drops to —23 °C, the value of thermal resistance of enclosing
structure 1 with flax noils insulation increases by 35 % to 3,24 (mZK)/W
and is 11 % higher than the value of wall enclosure 1 with flax fiber-based
insulation.

A similar dependence was established for the external enclosing
structure of a house with a wooden frame system. The thermal resistance
of wall 2 with flax noils insulation materials at an air temperature
of 0 °C is 2,68 (m2-K)/W, which is 16 % higher than the value of enclosing
structure 2 with flax fiber-based insulation boards. The thermal resistance
index of wall structure 2 containing noils insulation materials increases by
1,7 times to 4,55 (m2-K)/W when the temperature drops to —22 °C, and is
17 % higher than the value of enclosing structure 2 including flax fiber-
based insulation boards.
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The significant difference in the thermal resistance values of wall 1
and wall 2, containing slabs based on flax noils and fibers, is due to the
increase in the thickness of the thermal insulation by 2 times from
100 mm (wall 1) to 200 mm (wall 2).

At the air temperature in the attic space of +1 °C, the thermal re-
sistance to heat transfer of the attic floor with thermal insulation materials
based on noils is 3.53 (m2-K)/W, which is 8 % higher than the value of the
attic floor with insulation made of flax fibers. A decrease in the tempera-
ture in the attic space to -17 °C leads to an increase in the thermal re-
sistance of the attic floor with thermal insulation based on flax noils
to 6.27 (m2K)/W, which is 13 % higher than the value of the insulated
attic floor with flax fiber slabs.

The increase in the thermal resistance of heat transfer of experi-
mental enclosing structures with slabs based on flax noils at low negative
air temperatures is from 35 % to 78 %, which confirms the effective oper-
ation of thermal insulation made from flax noils in the winter period.

The increase in thermal resistance to heat transfer in the studied
structures using heat-insulating boards based on noils compared to the
use of insulation made of flax fibers is achieved due to the multidirectional
arrangement of elementary fibers in the structure of the material, which
prevents convective air transfer as a result of a decrease in the size of
thin air layers of irregular shape and their partial localization in the form of
individual closed microvoids.

After completion of the full-scale tests in the spring, the average val-
ues of the humidity of the thermal insulation materials were determined.
Analysis of the obtained results allowed us to establish that the average
humidity values of the flax noils-based thermal insulation boards after
operation in the winter period are within the range of 12 % to 16 % and
are 14-15 % lower than the humidity values of the flax fiber thermal insu-
lation. The established humidity values of the insulation materials also
determine the higher thermal performance of the flax noils-based insula-
tion compared to the flax fiber thermal insulation boards obtained during
full-scale tests.

Conclusion

According to the research results, it was established that the best
values of thermal conductivity coefficients of 0,036-0,04 W/(m-K) can be
achieved by using flax noils as a structure-forming material and an aver-
age density of insulating boards of 60-100 kg/m3.

The analysis of the study of sorption humidity of insulation made of
flax noils showed that at a relative air humidity of 60-80 %, the sorption
humidity of thermal insulation based on tow is 14-19 %, which is a fairly
low figure for thermal insulation based on plant materials. The formation
of fungus on materials made of flax noils is possible only with long-term
constant exposure to conditions with a relative air humidity of 97 %. How-
ever, such operating conditions are excluded with the correct mainte-
nance of protective coatings of thermal insulation.

With an average density of 40 to 120 kg/m3, the vapor permeability
coefficient of insulation materials based on flax noils is within the range of
0,34-0,41 mg/(m-h-Pa). The obtained indicators of water vapor sorption
and vapor permeability coefficients allow calculating the humidity regime
of building enclosing structures using flax noils boards.

The use of flax noils thermal insulation during field tests in enclosing
structures of residential buildings in operation made it possible to estab-
lish that the structures of a wall with a ventilated insulation system and a
wall of a house with a wooden frame system that includes noils-based
thermal insulation boards at an outside air temperature of -22°C and -
23°C have a thermal resistance to heat transfer of 3,24 and
4,55 (m2K)/W, respectively, which exceeds the values of wall enclosures
with flax fiber insulation by 11-16 %. The structure of an attic floor with
noils-based thermal insulation boards at a minimum temperature in the
attic space of =17 °C provides a thermal resistance to heat transfer of
6,27 (mZK)/W, which is 13 % higher than the value of a floor with flax
fiber insulation. The obtained indicators indicate that the experimental
slabs provide high thermal insulation properties in the winter period.

As a result of the tests, the efficiency of using noils insulation boards
in enclosing structures of low-rise residential buildings in operation was
confirmed.
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Abstract

Research is conducted on the cracking problem of the side walls of ultra-long seamless basement structures under high-temperature and sunny
construction environments in summer. Long term temperature monitoring was conducted on a basement under construction in the Modern Service
Industry Park of Honggutan District, Nanchang City. The temperature field was simulated using the commercial finite element software Abaqus, and the
measured results were compared with the simulation results to verify the rationality of the theory of simulating the temperature field of sunlight. Based
on the theory of simulating the temperature field of sunlight, numerical simulation experiments were conducted using the Extended Finite Element
Method (XFEM) to analyze the temperature and stress fields of complete basement structures of different lengths in high-temperature sunlight
environments. The differences in stress and critical cracking temperature difference of basement side walls of different lengths under the same
temperature field were compared. Abaqus software was redeveloped using a principal stress trajectory visualization program written in Python, and a
complete principal stress trajectory diagram of the basement structure was drawn. The analysis results show that under the same temperature gradient,
the change in basement length has no significant effect on the magnitude of the principal stress on the side walls. The critical temperature difference
between the upper and lower parts of the basement that caused the side wall to crack did not change significantly. Under the effect of uneven
expansion, the crack shape of the basement side wall is in the shape of a " J\". In high-temperature construction environments, the temperature rise of
the basement ceiling should be carefully monitored to avoid excessive temperature differences between the upper and lower parts of the structure,
which may cause the side walls to crack.

Keywords: reinforced concrete basement, sunshine temperature field, crack control, extended finite element method, principal stress trajectory,
post-cast strip.

AHAIWU3 TEPMUYECKOrO HANPAXEHUA YNbTPALINUHHOIO NOA3EMHOr0 COOPYXEHWUA HA OCHOBE XFEM
¥ BU3YANTIU3ALIMK TPAEKTOPUN HAMPSXXEHUU

XyHbsH Ce, HOiixaH XaHb, Xao YxaH, A. E. XXentkoBuu, Ban @y, Yxotroi Mu, Mancuns Lyan, UBaHb [an

Pedepar

Wccnepyetcs npobnema pacTpeckmBanns BOKOBbIX CTEH YNbTPAAMMHHbBIX HECLUIOBHbBIX MOA3EMHbIX KOHCTPYKLIAA B YCIOBMSX BbICOKOM TeMnepaTypbl 1
COMHEYHOTO OCBELLEHNs NeTOM. [loNroCPOYHBI MOHMTOPUHI TeMnepaTypbl MPOBOAWICS Ha MOA3EMHOM COOPYXeHuW, cTposiyemcs B CoBpemMeHHOM
CEepBICHOM MHLYCTPWUanbHOM napke parioHa XyHryTaH ropoga HauuaHr. TemnepaTypHOe none MOo[envupoBanoch C MCMONb30BaHWEM KOMMEPYECKOro
rporpaMmHoro obecrneyeHns KOHEYHbIX anemeHToB Abaqus, a uaMepeHHble pesynbTaTbl CPaBHMBANUCH C PesyrbTaTami MOLENNPOBaHUS AN1S MPOBEPK
060CHOBAHHOCTM TEOpPUM MOAENMPOBAHWS TeMNepaTypHOro MOfs COfHEYHOro cBeTa. Ha OcHOBe Teopuu MOAENMpOBaHMS TemnepaTypHOro Mons
COMHEYHOro cBeTa OblnMn NPOBELEHbI YNCTIEHHBIE CUMYNALMOHHBIE JKCTIEPUMEHTBI C UCMONb30BaHWEM PacluMpeHHOr0 MeTofa KOHEYHbIX 3MeMeHTOB
(XFEM) pns aHanusa TemnepaTypHbIX M HanpsKeHHbIX NOMei MONHOPa3MEPHbIX MOA3EMHbIX KOHCTPYKUMIA PasnuyHON AnVHBI B YCIOBMSX BbICOKOM
TeMnepaTypbl COMHEYHOro cBeTa. CpaBHWBANUCh Pa3NuyMs B HAMPSHKEHUM W KpUTWYECKas Temnepatypa pacTpeckvBaHus GOKOBbIX CTEH MOA3EMHbIX
COOPYXKEHMIA Pasn4HOI ANWHBI MPY O[HOM 1 TOM Xe TemnepaTypHoM none. MporpammHoe obecneyeHrne Abaqus Obino AononHUTENBHO paspaboTaHo ¢
1CNONb30BaHNEM MPOrpamMMbl BU3yanu3aLyv TPaekTOpUW [MaBHbIX HanpshkeHwid, HanucanHoh Ha Python, w 6bin cocTaBneH nomHbIA Anarpamma
TPaeKTOpUN NaBHbIX HaNPSBKEHWIA NOA3EMHOTO COOPYXeHusi. Pe3ynbTaTbl aHanm3a MokasblBaloT, YTO MPU OAWMHAKOBOM TemmnepaTypHOM rpaaneHTe
M3MeHeHNe OnWHbI NOA3EMHOrO COOPYXEHWS He OKasblBAeT 3HAYMTENbHOTO BMWSHUA HA BEMUYMHY [MABHOMO HanpskeHus Ha OOKOBbIX CTeHax.
Kputnueckas Temnepatypa Mexay BEPXHEN 1 HIDKHEI YacTAMM NMOA3EMHOTO COOPYKEHNS, BbI3bIBaIOLLAsA PacTpecK1BaHe DOKOBbIX CTEH, HE M3MEHSNach
3HaumTenbHo. lMoa AeicTBMEM HepaBHOMEPHOrO paciuMpeHnst dopma TpelmHbl GOKOBOW CTeHbI NMOA3EMHOTO COOPYXeHWS NpuHUMaeT Bug «/\».
B ycnoBusix BbICOKO if  TemMnepaTypbl CTPOMTENbCTBA HEOOXOAMMO TLATENbHO KOHTPONMPOBATb MOBBILIEHME TemnepaTypbl MOTOMKa MOA3EMHOr0
COOPYXeHMs:, 4Tobbl M3bexaTb YPEe3MEpHbIX TEMMEPATYPHbIX PA3NUUM MEXOY BEPXHEA U HIDKHE YacTAMM KOHCTPYKLMM, YTO MOXET BbI3BaTb
pacTpeckvBaHme 60KOBbIX CTEH.

KnioueBble cnoBa: xene3obeToHHOe Nog3emMHoe COOpYyXeHue, TeMnepaTypHoe nosne CONHEYHOro CBeTa, KOHTPONb TPELUMH, pacLUMPEHHBII
METOZ, KOHEYHbIX 3NIEMEHTOB, TPAEKTOPMS [NABHOIO HANPSHKEHNS, NOCT(POPMMPOBOYHAS fEHTA.
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Introduction

Due to its excellent ability to utilize urban space, the structural form
of "upper high-rise buildings + large area basements" has become
the mainstream form of urban space development in China today. Espe-
cially the ultra-long seamless basement structure, due to its good overall
integrity, ability to shorten construction period and improve engineering
efficiency, is increasingly being applied in engineering [1]. Along with it
comes the serious problem of crack control. Cracks on the exterior walls
of the basement can cause problems such as water leakage, steel corro-
sion, and difficulty in repair, which in turn affect the durability and safety
of the overall structure. In the past, the mainstream research on this topic
both domestically and internationally was focused on the early hydration
heat and temperature shrinkage of concrete [2-8]. In recent years, re-
search on the temperature field of various concrete structures under
sunlight has become increasingly common. Zhang Hanshuo et al. con-
ducted long-term temperature field monitoring on the ultra-long concrete
structure of the newly built station building at Xiamen North Railway Sta-
tion. Their method of considering both the early hydration heat release of
concrete and the influence of sunlight radiation in the thermal mechanical
coupling finite element simulation provides a reference for related re-
search [9]. The same numerical simulation theory of sunshine tempera-
ture field is also applicable to the analysis of structures such as concrete
beam bridges, hydraulic concrete structures, and concrete base-
ments [10, 11].

Long term engineering practice has shown that the cracking problem
of basement structural side walls during summer construction is particu-
larly severe in the vast southern regions of China. The basement struc-
ture constructed in a high-temperature sunlight environment can reach a
surface temperature of over 60 degrees Celsius due to the long-term
exposure of the roof to direct sunlight after demoulding and before back-
filling the foundation pit. The bottom plate is located on the soil and is not
affected by sunlight, resulting in a lower temperature. Under the influence
of a large temperature gradient between the upper and lower parts of the
structure, there will be significant differences in thermal expansion defor-
mation. The upper part of the basement has a large amount of thermal
expansion deformation, while the lower part has a small amount of ther-
mal expansion, and the side walls are easily torn. This is the phenome-
non of side wall cracking caused by the uneven expansion effect of the
structure, and there is currently no relevant research on this aspect. Con-
sidering the differences between the problem of uneven expansion of
concrete basements under temperature gradient and other temperature
effects, there are two issues worth further discussion:

1. Will uneven expansion effect lead to cracking of side walls? There
are many factors that affect the cracking of ultra-long basement struc-
tures, and the mechanism of uneven expansion effect induced cracking is
not yet clear. There is still insufficient research on the differences in
cracking morphology compared to other types of cracking.

2. The quantitative relationship between the magnitude of thermal
stress generated by the temperature gradient between the upper and lower
parts of the structure and the length of the basement is not yet clear.

In response to the above two issues, this article first conducts long-
term temperature field monitoring of a basement project under construc-
tion in Nanchang City, Jiangxi Province, and uses concrete sunlight tem-
perature field simulation theory to finely model and analyze the structure.

The comparison between simulated data and measured results verified
the rationality of the simulation theory. Then, based on this theory, the
powerful function of the extended finite element method (XFEM) in simu-
lating discontinuous problems such as interface development and crack
growth is utilized for parameter analysis, and the crack morphology of the
sidewall is predicted [12]. And the Abaqus software was further devel-
oped using a Python script editing program to draw the principal stress
trajectory diagram of complete basement structure. Identify the cracking
morphology and mechanism of basement side walls under the effect of
uneven expansion. To investigate the quantitative relationship between
the length of the basement and the critical temperature difference be-
tween the upper and lower parts that causes side wall cracking, in order
to adopt different degrees of temperature control measures for base-
ments of different lengths, and provide theoretical reference for similar
crack control problems in practical engineering.

1 Simulation theory of concrete sunshine temperature field

There are three main ways of heat transfer in basement structures
under sunlight conditions: heat conduction, heat convection, and heat
radiation [13, 14, 15].

1.1 Heat conduction simulation

Heat conduction refers to the transfer of heat from the higher tem-
perature parts of concrete to the lower temperature parts, and is the main
way of heat transfer in solids, defined in the Abaqus material properties.

According to Fourier's law q;' =-k d_ , under a constant tempera-

ture gradient, the heat transfer rate is proportional to the thermal conduc-
tivity of the material. Liu Xingfa et al. found that the range of thermal con-
ductivity values for concrete materials is 1.16~3.5J/(m-s'K) [14].
The value obtained by Liu Cheng and others through thermal perfor-
mance testing is 3.0J/(m-s*K) [16]. Article 4.1.8 of the "Code for Design of
Concrete Structures" GB 50010-2010 states that when the temperature is
within the range of 0 °C to 100 °C, the thermal conductivity of concrete
can be set as 10.6kJ/(m-h-°C), which is 2.94J/(m-s-K) [17].

For the specific heat capacity of concrete, the range of values given in
Appendix B.1 of the "Code for Thermal Design of Civil Building" GB 50176-
2016 is 920~1050J/(kg-K) [18]. The recommended range of values given by
Liu Xingfa and others after research is 879~1090J/(kg'K) [14].

1.2 Heat convection simulation

In the temperature field of concrete exposed to sunlight, convective
heat transfer is the situation where the temperature of the concrete struc-
ture is driven by the increase in air temperature. Thermal convection
simulation is defined in the Abaqus interaction module according to the
"surface film condition". To define the thermal convection load conditions
of concrete basement structures, it is necessary to measure or simulate
the ambient temperature hourly. In the absence of hourly temperature
monitoring data, the daily temperature model proposed by Liu Cheng et
al. can be approximately used to simulate changes in external atmos-
pheric temperature [16]. The specific calculation formula for environmen-
tal temperature Ta(t) is shown in equation (1):

Tmax +Tmin _ Tmax _Tmin t_tsr +tnight 0<t< tsr
2 2 tnight
Ta (t) = Tmax +Tmin _Tmax _Tmin COS(Blﬂ) tsr <t Stss . !
2 2 2 day
STttt
Tmax — TmaX Tmln SS * night tss st<24
2 tnight

In the formula: Tmax is the highest daily temperature (°C); Trin is the
daily minimum temperature (°C); ts is the sunrise time of the day (h); tss is
the sunset time (h); tsay is the duration of daytime (h); tignt is the duration
of nighttime (h).

1.3 Heat radiation simulation

The effect of solar radiation is one of the main factors causing the
temperature rise of concrete structures. Solar radiation (shortwave radia-
tion) can be divided into three categories: direct radiation, atmospheric
scattering, and ground reflection, and its intensity is mainly affected by
weather conditions such as atmospheric transparency.
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(a) Schematic diagram of sunlight radiation effect

(b) Cracks in the basement shear wall of Jinmei Hainan City project

Figure 1 — Schematic diagram of temperature field and high-temperature cracks in the basement (note: concrete was cast in June 2019, the highest
daily temperature during the concrete curing period was 43 °C)

The direct radiation intensity on a plane perpendicular to the direction
of solar radiation can be calculated using the following formula [10]

sinh
l,=1,

sinh+£
P

(2)

In the formula: h is the solar altitude angle; P is the atmospheric
transparency coefficient, which can be obtained by checking the meteoro-
logical parameters of the local meteorological station; lo is the solar con-
stant. The formula for calculating the solar constant at the upper bound of
the Earth's atmosphere on different dates of the year is:

(o)
I =l367‘:1+ 0.033 COS(%):', N is the ordinal number

of days in a year starting from January 1st [10]. The empirical estimation
formula for scattering intensity on a horizontal plane is:

I, =1,1-1.13K;). (3)

In the formula, K7 is the coefficient of clear sky, which can be taken
as 0.3~0.8 for cities in the latitude range of 30°~40° in China, and
0.8~1.0 for other latitude regions. There is a linear relationship between
the ratio of daily average scattering and average total radiation on the
horizontal plane and the clear sky coefficient [10].

The calculation formula for the intensity of reflected radiation re-
ceived by a receiving surface inclined to the ground is:

l,=p (I,+1,)1-cosB)/2. (@)

In the formula, O is the ground reflection coefficient, which can be

taken as 0.1 for general ground and 0.2 for water surface reflection [10].
Thermal radiation simulation is defined by surface heat flux in the Abaqus
load module. By applying the above radiation loads and convective loads,
combined with thermal performance parameters such as thermal conduc-
tivity and specific heat capacity, and reasonably setting the predefined
temperature field of the model, the simulation of the temperature field of
concrete structures under sunlight can be achieved.

2 Simulation and Monitoring of Temperature Field in the Base-
ment of Nanchang Modern Service Industry Park

2.1 Overview of Concrete Basement Structure

This chapter establishes an Abaqus refined model based on the
basement of Building 8 in Nanchang Modern Service Industry Park, and
uses the sunlight temperature field simulation method described in the
previous section to analyze the heat transfer of the basement model.
Compare the results obtained from finite element method simulation with

the measured temperature field data, analyze the basic characteristics of
the sunshine temperature field, and verify the rationality of the sunshine
temperature field simulation theory.

Nanchang Modern Service Industrial Park is located in Honggutan
District, with a total construction area of approximately 330000 square
meters. The basement below Building 8 is a reinforced concrete shear
wall structure basement, and a section of the basement located between
the continuous expansion strip and the shrinkage post-cast strip at the
southeast corner of the basement was selected as the monitoring object.
The selected section is 36.1 m long from east to west and 33.5 m wide
from north to south. The basement roof on the west side has a higher
floor height, with structural floor heights of 4.1 m and 4.7 m respectively.
The concrete strength grade is C35. The basic overview of the industrial
park and the monitoring locations in the basement are shown in Figure 2.

2.2 Overview of basement temperature field monitoring system

This experiment used the DH2002 online monitoring and analysis
system to collect temperature data from the JCJ100TW temperature
sensor, with a collection interval of 1 second, and conducted uninterrupt-
ed temperature field monitoring for a period of 2 months. To obtain the
distribution pattern of temperature field in the underground structure, a
total of 28 monitoring points were set up in the monitoring area of the
basement, including 10 on the roof, 9 on the side walls 1 and 2 respec-
tively, and temperature sensors on the outer, middle, and inner layers
along the thickness direction of the concrete structure were installed at
measuring points 4, 5, 6, 8, 12, 15, 18, 21, 24, and 27. The temperature
sensors located on the outer and inner layers are 20 mm away from the
outer and inner surfaces of the concrete structure, respectively. The tem-
perature sensor located in the middle layer is placed at half the thickness
of the concrete structure, while the sensors at other measuring points are
arranged in the outer concrete. The layout of the measuring points is
shown in Figure 3 (a), and the thermometer is fixed to the rebars at the
measuring point position using zip ties as shown in Figure 3 (b).

2.3 Analysis of Finite Element Modeling and Temperature Field
Simulation Results

The basement structure of the monitoring area was poured on Octo-
ber 6, 2023. On October 23, partial soil backfilling was carried out on the
outer side of the side walls. The east and south walls (at different heights
of the basement structure) were exposed to the ground surface
ataheight of 1 m and 1.6 m, respectively. Select October 29 to Octo-
ber 31, 2023 as the temperature field simulation period, and establish an
Abaqus refined finite element model as shown in Figure 4. The model is
modeled using solid elements, and the material property parameters are
shown in Table 1. The model mesh element type is C3D8RT eight node
thermally coupled hexahedral structured element.
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(a) Rendering of the completed park

(b) Layout plan of basement structure at monitoring location

Figure 2 — Project overview diagram
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(a) Layout of basement temperature measurement points

(b) Temperature sensor binding method diagram

Figure 3 — Temperature Sensor Layout

Table 1 - Material Property Parameter Values

Property Concrete Density (kg/m?) Thermal conductivity Specific heat | Thermal expansion Young's Poisson's
(unit: h) grade y (kg coefficient (J/h-m-°C) (J/kg-°C) coefficient (1/°C) modulus (GPa) | ratio
C35 2500 9180 930 0.00001 31.5 0.2

The atmospheric temperature data for 72 hours from October 29th
to 31st, 2023 in Honggutan District, Nanchang City, obtained from the
Xihe Energy Meteorological Big Data Platform, is shown in Figure 5 (a).
Using the radiation load simulation theory described in the previous sec-

tion, the radiation amount borne by the surface of the structure for three
consecutive days was simulated, and the results are shown in Fig-
ure 5 (b) [19]. Apply heat convection and radiation load conditions to the
model for heat transfer simulation analysis.
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Figure 4 — Finite element model for basement heat transfer analysis (Grid size 0.15 m x 0.15 m x 0.15 m, with 65418 units; CPU: Intel (R) Core (TM)
i7-8750H, 6 cores and 12 threads; System memory 8 GB, hard drive 1TB, computing time: 19 min 53 s)
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(b) Fitting curve of radiation exposure on top slab and side walls

Figure 5 — Temperature Load Simulation Data (Note: The temperature is
taken from the instrument shelter located about 1.5-2 m above
the ground)

Compare the temperature field simulation results with the measured
data at measuring points 9, 18, 19, 28, and 4. The temperature curve
comparison results are shown in Figure 6. As can be seen from the re-
sults, temperature undergoes tidal changes with sunrise and sunset.
Along the thickness direction, there is a temperature gradient inside the
component, and as the distance from the structure increases to the depth
of the heated outer surface, the temperature change exhibits a more
pronounced "hysteresis". Due to the rise and fall of the sun in the east
and west, as well as the location of buildings, temperature peaks of com-
ponents in different orientations alternate. The above three points are
significant characteristics that distinguish the high-temperature sunlight
temperature field from other temperature fields such as structural hydra-
tion heat temperature field and indoor heat source temperature field.

The temperature simulation results of the basement structure are ba-
sically consistent with the measured results. However, due to the pres-
ence of tall buildings under construction on the west side of the basement
in real construction sites, as well as different levels of construction mate-
rial accumulation on the basement roof, inconsistent radiation absorption
intensity of various parts of concrete components, and many complex
influencing factors, there are certain discrepancies between simulation
results and actual measurement results. The most significant difference is
that the temperature distribution of the same part (such as the outer sur-
face) of the same component (such as the top plate) in real structures is
uneven, while the finite element model results are uniform. This is due to
the finite element model appropriately simplifying the model and influenc-
ing factors within a reasonable range. Overall, the error is within an ac-
ceptable range, and the temperature change trend of numerical simula-
tion results is consistent with the measured results. The simulation theory
of sunshine temperature field proposed earlier is reasonable and feasible.

3 XFEM numerical simulation analysis

3.1 Extended Finite Element Theory

To study the quantitative relationship between the length of concrete
structures and the critical temperature difference for side wall cracking, it is
necessary to simulate crack growth in a refined finite element model. Con-
sidering the brittle characteristics of concrete materials, the XFEM method
is based on the theory of linear elastic fracture mechanics and adopts the
first strength theory (maximum principal stress criterion) as the criterion for
identifying concrete damage (cracking). According to equation (5), pure
compressive stress (with negative amex) will not cause cracking damage,

and when f reaches 1, damage (cracking) begins to trigger. Where

Omax is the maximum principal stress value of concrete, O',?]ax is the
maximum allowable stress, and " { )" is the Macaulay bracket [20].

o
=] lom| o

O-max

The extended finite element method determines whether the element

is damaged by setting the parameters of the traction-separation law.
Set the side wall as the crack propagation area, take the maximum allow-
able stress as its axial tensile strength characteristic value fx = 2.2 MPa
[21, 22]. According to the fracture energy results of crushed stone con-
crete measured by Jia Yandong et al. using the wedge splitting method,
the fracture energy of concrete is approximately 150~200N/m when the
compressive strength value of the concrete cube at 28 days is
feu=35 MPa. In order to fully develop cracks and highlight the character-
istics of crack morphology, the fracture energy of C 35 concrete is taken
as 150 N/m [23]. The analysis only considers the propagation of side wall
cracks under heating conditions, and does not study the situation after
the crack interface closes during the cooling process. Abaqus calculates
the stress (strain) state at the center of mass of the element in front of the
crack and determines whether the damage initiation criterion has been
reached, thereby determining the direction of crack propagation.
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Figure 7 — XFEM calculation principle

18

Civil and Environmental Engineering
https://doi.org/10.36773/1818-1112-2024-135-3-13-23



Vestnik of Brest State Technical University. 2024. No. 3 (135)

3.2 Numerical simulation experiment

The model adopts a grillage beam floor system and an 8.1 m x 8.1 m
large column grid system. The floor height is 3.9 m, the top plate is 30 cm
thick, and the side walls are 30 c¢m thick. The bottom plate adopts a flat
raft foundation with a thickness of 60 cm. Column section size:
600 mm x 600 mm, main beam section size: 900 mm x 300 mm, second-
ary beam section size: 600 mm x 300 mm. The rebars of the roof and
side walls are arranged in an C20@200 form.

Ultra-long seamless structure refers to reinforced concrete structures
where the spacing between expansion joints and post-cast strips exceeds
the maximum spacing specified in the codes. According to Article 12.2.3
of the "Technical specification for concrete structures of tall building",
a post construction pouring strip (joint), which connect the top plate, bot-
tom (plate) and wall panels, can be installed every 30-40 meters in the
basement of high-rise buildings [24]. Therefore, based on a 30 m base-
ment, keeping the structural form unchanged and increasing the length of
the basement, a numerical simulation experimental group was set up as
shown in Table 2. To improve computational efficiency, the 1/4 modeling
method is adopted for modeling. Taking the 30 m basement as an exam-
ple, the refined structural model is shown in Figure 8.

Select the temperature and sunshine radiation curve of Nanchang City
on August 4, 2023 as the model load, and the load curve is shown in Fig-
ure 9. To control variables, only consider the situation where the roof is
affected by sunlight. Concrete and rebar modeling are respectively three-

dimensional solid and solid line elements. Using a non coupled thermo-
mechanical model, apply the temperature field obtained in the first step
as a predefined field to the XFEM calculation file in the second step. Each
experimental group's XFEM calculation file is calculated twice. The first
time does not consider the cracking of the side wall and is used to calcu-
late the stress distribution of the side wall. The second calculation simu-
lates crack propagation to obtain the crack morphology of the side wall
and the critical temperature difference between the upper and lower parts
of the basement at the time of cracking.

Table 2 — Numerical Simulation Experiment Group Settings

Length of | Environmental

Group.No | Modsl form basgment (m) | temperature load
1 Plain concrete 30

With rebars

Plain concrete
2 With rebars 46.2

Plain concrete Tempg rature  and
3 With rebars 62.4 radiation curve

. on August 4, 2023

4 Plgm concrete 786

With rebars

Plain concrete
5 With rebars 9.8

(a) Concrete structure model

(b) Structural beam column system

(c) Rebars model

Figure 8 — Fine grained model of 30m basement (1/4 model, with 120056 units)

In the temperature field calculation steps, the concrete and steel
mesh elements are respectively an eight node linear heat transfer ele-
ment (DC3D8R) and a two node heat transfer connection element
(DC1D2). In the XFEM thermal stress crack calculation steps, the con-

40 5. 6575 19 1
—=— Temperature
Sunrise; sunset;
) :
<35
2
=
=
[
(="
£30
LF]
E_.
25 1 1 1 i 1
0 5 10 . 15 20
Time(h)

crete and steel mesh elements are respectively an eight node linear hex-
ahedral element (C3D8R) and a two node linear three-dimensional truss
element (T3D2).
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Figure 9 — Atmospheric temperature curve and sunshine radiation fitting curve in Nanchang City on August 4, 2023

3.3 Simulation result analysis

The temperature load of each experimental group is consistent, and
the 24-hour temperature change curve of the top plate surface under the
action of temperature changes is shown in Figure 10 (a). Analysis shows
that sunlight radiation is the main factor causing significant temperature
rise in the roof. For each simulation experiment, select the temperature
rise range of the top plate from 30 °C to 60 °C for displacement and
stress analysis.

Extract the thermal expansion deformation values of the longitudinal
axis of the top plate and the top line of the side walls for each experi-
mental group model, and plot their relationship curves with the length of
the basement as shown in Figure 10 (b). According to the one-

dimensional linear expansion theory, with AL =0£L(T 1 —TO), the

thermal expansion value of the material is proportional to the length L of
the material, assuming that the coefficient of thermal expansion a and
temperature change (T+=To) remain constant. As the length of the base-
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ment increases, the deviation between the maximum thermal expansion
values of the central axis of the roof and the top line of the side walls and
the theoretical values becomes greater. The thermal expansion values of
the central axis of the 30 m reinforced concrete basement roof and the
top edge of the side walls are 3.79 mm and 2.69 mm, respectively, which
are 42.1 % and 29.89 % of the theoretical values; The thermal expansion
values of the central axis and side wall top edge of the 94.8 m reinforced
concrete basement roof are 5.74 mm and 3.41 mm, respectively, which
are 20.183 % and 11.99 % of the theoretical values.

6 r—=— Roof temperature Peak value: 61.59°C
—— Atmospheric temperature g,
ol .
e . o !
] 50 °Qi- !
3 [ .
=45+ Fr .
5 3F '
o
40 - v I
E .;' '\ Peak value: 37°C
=35 [ ' ‘_\—H\t\
/ ,
30 . 1 hpe -
| — 1 1
1 " 1 1 1 " 1
0 5 20
Tlme(h)

(a) Surface temperature curve on the top plate

As the length of the basement increases, the number of beam and col-
umn components also increases proportionally. The large number of beam
column components greatly increases the constraints on the structure,
resulting in thermal expansion values far below the estimated values.
Therefore, one-dimensional linear expansion theory cannot be used to
estimate the magnitude of thermal expansion of basement solid structures.
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Figure 10 - Simulation result curve

Taking the 30 m reinforced concrete basement model as an exam-
ple, as shown in Figure 11 (a), the basement roof expands in all direc-
tions with its geometric center as the expansion origin, with the maximum
thermal expansion displacement at the comer of the roof. As shown in
Figures 11 (b) and (c), under the effect of uneven expansion, the expan-
sion of the basement roof is constrained by the surrounding side walls
and beam column system, resulting in overall compression. The base-
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ment side walls are under overall tension, with high stress zones located
at one-third on each side. The stress value is 2.2 MPa higher than the
characteristic tensile strength value of C35 concrete, indicating the area
where cracks develop. The reinforcing bars on the side walls are subject-
ed to high tensile forces. As shown in Figure 11 (e), the crack propaga-
tion pattern of the side wall is an "/\" — shaped diagonal crack.
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Figure 11 - Finite Element Simulation Results
(a— 30 m basement thermal expansion displacement cloud map; b — 30 m basement first principal stress cloud map; ¢ — side wall concrete first princi-
pal stress cloud map; d — Cloud map of the first principal stress of the reinforcing steel bars on the side wall; e — Cracking result of 30 m basement side
wall; f — Cracking result of 46.2 m basement side wall; g — Cracking result of 62.4 m basement side wall; h — Cracking result of 78.6 m basement side
wall; i — Cracking result of 94.8 m basement side wall)
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As shown in Figure 12 (a), when the top plate is uniformly heated from
30 °C to 60 °C, the basement model increases by 216 % from 30 m to
94.8 m, while the maximum principal stress of the side walls of the plain con-
crete model increases by 14.656 %. The maximum principal stress of the
reinforced concrete model side wall increased by 15.715 %. The increase in
the length of the basement did not cause a significant increase in the side wall
a1, the length of the basement had little effect on the stress of the side wall.
In other words, reducing the stress on the side walls by significantly shortening
the length of the basement is of little significance. The maximum stress value
of the side walls is not significantly related to the length, and the implementa-
tion of ultra-long seamless structures is feasible.

Meanwhile, the addition of steel bars in the model not only did not
reduce the stress in the concrete, but also slightly increased the stress on
the side walls. This is because the thermal expansion coefficient of steel
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(a) Basement length-side wall first principal stress curve

bars is larger than that of concrete, and the thermal expansion effect of
the top plate after reinforcement is more severe, resulting in an increase
in the stress on the side walls.

As shown in Figure 12 (b), due to the slight increase in the principal
stress 01 of the side wall with the length of the basement, the critical tem-
perature difference for cracking of the side wall slightly decreases.
The length of the basement increased by 216 %, and the critical tempera-
ture difference for cracking decreased by 9.553 % (plain concrete) and
9.592 % (reinforced concrete), indicating that under the same tempera-
ture rise conditions, the length of the basement has a relatively small
impact on the critical temperature difference for side wall cracking. The
curves of the plain concrete basement and the reinforced basement basi-
cally coincide, and the addition of steel bars has no significant effect on
preventing side wall cracking.
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(b) Basement length-side wall cracking critical temperature difference curve

Figure 12 - Simulation result curve

4 Visualization of thermal stress trajectory in basement

The principal stress trajectory can display the load transfer path and
reveal the potential direction of crack propagation. Most general finite
element software currently cannot provide a complete structural stress

trace diagram. Therefore, this article uses Python language to perform
secondary development on Abaqus to obtain a complete principal stress
trajectory diagram of the basement structure [25-28]. The idea is shown
in the following Figure 13.

T
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: Obtain Calculate
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stress the next Connect each point
Abaqus model Select : : ; 3
values for 2 point Ai of whether point sequentially;
. ~—»] starting | e iz s : Py
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Simulation point o )
: of the stress structure of the principal stress
computation i
structure trajectory

Figure 13 — Flow Chart for Automatic Drawing of Principal Stress Trajectory

The key point is to determine the direction cosine values I, mi, ni
(=1, 2, 3) corresponding to the three principal stresses i at any given
point given the stress state 0x, Oy, 0z, Txy, Tyz, Tx. After knowing the cosine
value of the direction of the point, the coordinates of the next point can be
calculated based on a certain calculation step, and this process repeats
itself. Solve equations (6) and (7) simultaneously. Using the cosine calcu-
lation formula of the principal stress direction provided by Wang Junbiao,
the following equation is shown [29]:

(O_x _O_i)li +Txymi +7,N = 0
t i +(o,—o)m +z,n=0¢. (6)
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When the surface temperature of the basement roof is 60 °C, the
stress calculation results of the 30 m basement are extracted. Taking the
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Shounouounonm
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(@) Python script drawing results

side wall as an example, the first principal stress trajectory is drawn as
shown in the following Figure 14.

(b) Abaqus result principal stress vector diagram

Figure 14 — Trajectory diagram of the first principal stress on the 30 m basement side wall (1/2 side wall)

(a) First principal stress vector diagram

(b) Third principal stress vector diagram

Figure 15 - Principal stress vector diagram of 94.6 m basement roof (1/4)
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(a) Principal stress trajectory of concrete basement  (b) Unidirectional plate force transmission path

Figure 16 — Schematic diagram of the transmission path of force

As can be seen from the figure, different from the general load action,
temperature stress tends to propagate along the longest constrained path in
the structure, that is, the "longest direction propagation" mechanism.
The general load in the structure tends to be transmitted along the short
direction (the path with higher stiffness), while minimizing the transmission
through the path with lower stiffness as much as possible. The short stiff-
ness of a unidirectional plate is much greater than its long stiffness, so the
unidirectional plate transmits force along the short direction.

At the 1/3 positions on both ends of the longitudinal side wall, the
main tensile stress traces are in the shape of "\" and "/" respectively, and
this area is the high stress zone of the side wall. Therefore, cracks will
develop inan "/\" shape.

Conclusions

Based on the analysis of the response results of reinforced concrete
basement structures with different lengths under high-temperature sun-
light, the following basic conclusions can be drawn:

1. When the temperature gradient between the upper and lower parts of
the basement structure is the same, increasing the length of the basement
does not cause a significant increase in the principal stress values of the side

walls. The ultra-long seamless structure is still reasonable and feasible under
the uneven expansion effect caused by the high temperature of sunlight.

2. Under the uneven expansion effect caused by high temperature
sunlight, the increase in basement length did not significantly reduce the
critical cracking temperature difference value of the side walls. In engi-
neering practice, under the same structural form, longer basement struc-
tures and shorter basement structures generally have the same tempera-
ture control range. Unlike the vertical cracks that usually appear on
basement side walls, the uneven expansion effect causes the side wall
cracks to form an "J\" shape. This indicates that the common vertical
cracks in basement side shear walls in engineering are unlikely to be
caused by uneven expansion effects.

3. Unlike the stress propagation caused by general loads, the ther-
mal stress generated by temperature action shows a trend of "longest
direction propagation” in the structure, that is, temperature stress tends to
propagate along the longest constrained path.
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Abstract

The design of rigid reinforced concrete slabs of foundations, slabs, road surfaces is based on calculation models, which are developed on a
relatively limited number of experimental studies, in most cases requiring quite large material and time costs. The complex stress-strain state occurring
in stiff reinforced concrete base and pavement slabs under load, especially under cyclic dynamic loading, can often lead to cracking and failure of the
slabs. In this paper, reinforced concrete slabs of a container yard pavement were investigated for load bearing from the wheels of a reach stacker
(container loading vehicle) travelling on the surface. Existing models for the design of such slabs typically consider the slab loaded by a single local load
applied to an edge or corner of the slab from the wheels of a moving vehicle. In fact, there may be two wheels on the slab, resulting in more unfavorable
conditions. The application of the finite element method in such problems is quite laborious as it requires highly skilled design engineers and
considerable time, making the design routine and of limited use. This paper investigates an alternative approach based on the application of an artificial
convolutional neural network (CNN) with U-Net architecture, which provides a reasonably accurate prediction of stresses in the slab much faster and
simpler compared to the finite element method. The paper presents the architecture of the neural network with an indication of the features and stages
of its training. Statistical analysis of the calculation results is performed, which allowed us to assess the reliability of the neural network model for
determining stresses in reinforced concrete slabs on an elastic base.

Keywords: reinforced concrete slab, computational model, convolutional neural network, U-Net architecture.

MPUMEHEHWE CBEPTOYHOW HEWPOHHOW CETU B PACYETAX I-!AI'IPFI)KEHMVI XENE3OBETOHHbIX NIUT
AOPOXHbIX MOKPbITUX

B. B. Monow, A. E. XXentkosuy, K. I'. Mapxou, U. I'. Tomawes

Pedepar

B 0CHOBY MpOEKTMPOBAHNUS XECTKNX XEeNne306€TOHHbIX NAUT (PYHAAMEHTOB, NEPEKPBITUIA, OPOXHBIX MOKPBITUIA NOMOXKEHbI PACYETHBIE MOZENU,
KoTOpble pa3paboTaHbl Ha OTHOCUTENbHO OrPaHUYEHHOM KOMMYECTBE AKCTIEPUMEHTANbHBIX MCCNeAoBaHWA, B GOMbLIMHCTBE Cryyaes Tpebylolmx
[O0CTaToOYHO 6OoMblUMX MaTepuanbHbIX M BpeMeHHbIX 3aTpat. CrokHOe HanpsEHHO-4eOPMMPOBAHHOE COCTOSHUE, BO3HUKAIOLIEE B KECTKUX
Kene3obeToHHbIX NNnTax PyHOAMEHTOB M JOPOXHBIX MOKPBITAA MOS HArpy3KOM, U B 0COBEHHOCTM MO LMKINYECKON AMHAMWUYECKON HarpysKoM, 4acTo
MOXeT MpuBOAUTL K 00pa3oBaHMi0 TPewwH M paspyweHuto nnut. B pabote uccnegoBanuch xene3obeTOHHbIe NAUTHI MOKPBITUS KOHTEAHEPHON
MMoLLaaKM1, KOTopble BOCMPUHUMAIOT Harpysky OT KONEC nepemeLyatollerocs o NoBEpXHOCTU pucTakepa (TPaHCMOPTHOMO CPeACcTBa Ans Morpysku
KoHTelHepoB). CyluecTByiolMe MOgen Ans NpOEeKTUPOBaHWA Takux MAUT paccMaTpuBaloT Kak MpaBuUmO MMWUTY, 3arpyXeHHYK OfHOW FoKamnbHOW
HarpysKkom, MPUMOXEHHOI Ha Kpatko UMW B Yry NAWTbI, OT Koneca NepeaBuratoLLerocs TpaHcnopTa. ®akTuiecku Ha nauTe MOryT pacnonaratbCsl 4Ba
koneca, 4to NpuBoOAUT k 6onee HebnaronpUATHOMY COCTOSHMIO. MpUMEHEHNE METOLA KOHEYHBIX ANEMEHTOB B TakuxX 3afayax SBnseTcs JOCTaTouHO
TPYBOEMKNM, TaK Kak TpebyeT BbICOKOrO YPOBHS KBANM(UKALIM MHXEHEPOB-NPOEKTUPOBLUMKOB W 3HAYUTENBHBLIX BDEMEHHBIX M TPYAOBbIX 3aTpaT, YTo
[enaeT NPOeKTUPOBaHME PYTUHHBIM M Maro LenecoobpasHbiM. B aaHHol paboTe nccnenoBaH anbTepHaTMBHBINM NOAX0, OCHOBAHHbIN HA NPYMEHEHNN
CKYCCTBEHHOI CBEPTOUHON HelpoHHo ceTn (CNN) ¢ apxutektypoii U-Net, no3Bonsiowymii nonyyunTb SOCTAaTOMHO TOYHOE MpeackasaHne HanpsKeHUi
B NAMTE 3HAYUTENbHO ObICTpee M MpoLe B CPaBHEHMM C METOAOM KOHEYHbIX 3MieMeHTOoB. B paboTte npuBeneHa apXuTekTypa HEMPOHHOM CeTu ¢
ykasaHueM ocobeHHocTel 1 aTanoB eé 0byyeHns. BbiMonHeH CTaTUCTUYECKUA aHanu3 pesynbTaTtoB pacyéra, No3BONMBLLMIA OLEHUTb JOCTOBEPHOCTb
HeMpoCeTeBON MOAENYW ONPEAENEHNS HAMPSIKEHMIA B Xene306€TOHHbIX MNTax Ha YNPYroM OCHOBaHMMU.

KnioueBble crnoBa: xene3obeToHHas NnnTa, pacyéTHas Modenb, CBEPTOUHAs HEMPOHHas ceTb, apxutektypa U-Net.

1 Introduction

Reinforced concrete pavement slabs have a non-linear behavior un-
der load with a complex stress-strain condition due to the inhomogeneous
anisotropic structure of the composite material. In the design of such
slabs, simplified design models are used, which are based on a number
of assumptions and simplifications, and are most often developed based
on the results of experimental tests of reduced slab fragments.

Traditionally, the design of reinforced concrete slabs has been based
on mathematical models, finite element methods (FEM) and experimental
tests. Keeping a balance between safety and economic feasibility, over
the last decades, researchers and engineers have proposed many calcu-
lation models [2-9] for reinforced concrete slabs, based on which various
design standards have been developed and are used worldwide [1-6].

Mathematical models of the resistance of rigid reinforced concrete
slabs do not allow taking into account a large number of variables simul-
taneously due to the complexity and labor-intensive nature of this ap-
proach [1]. As a rule, such models take into account the behavior of each
individual element of the structure, which in general for a structural system
leads to the calculation of several equations, especially when the influence
of more than one parameter on the resistance is taken into account, and
complicates the complexity and duration of the calculation [11].

The laboriousness and considerable duration of analytically solutions
using mathematical models or the finite element method in the design of
structures and the experimental determination of the behavior of structur-
al elements under load indicate, according to the authors [11], the need
for reliable alternative prediction.
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Due to the advances in computer science, many researchers have
proposed to use soft computing methods to solve complex engineering
problems in the last two decades [10-23]. The most popular of them are
artificial neural networks, response surface methodology, fuzzy logic,
particle swarm optimization and genetic algorithms [24].

In 1992, J. H. Garrett [25] reported that modelling with neural net-
works is much easier than with traditional mathematical models. Despite
the fact that in neural networks the interconnections between its nodes
(neurons) and minimization of the training error have a mathematical
essence, mathematical formulas are not explicitly present in them. Artifi-
cial neural networks can be used to predict the strength of concrete and
resistance of concrete structures with an error of less than 10 %.

It is also noted in [11] that neural networks can be used as an alter-
native to mathematical models or experimental tests at the initial design
stage to obtain a quick prediction of the behavior of reinforced concrete
slabs under load, determining the magnitude of resistance and deflec-
tions of resistance and deflections.

Neural networks are information processing systems whose architec-
ture is based on the endeavor to replicate the structure of biological neu-
ral systems [26]. Unlike traditional computer programs, in which infor-
mation is received and processed digitally in a sequential manner, neural
networks store data in some way between individual neurons of the net-
work by means of selected weighting coefficients. Neural networks do not
contain any algorithms to process the data. They are ‘trained’ to find
relationships, often not fully realized, that create a structure of causal
interactions between input parameters and the result obtained.

Neural networks are able to model the behavior of systems with lim-
ited design costs and provide fast and reasonably accurate solutions in
complex, uncertain and individual situations [27, 28]. Such prediction can
be useful for a structural engineer in the preliminary design phase to
determine the initial serviceability of a particular structure or to estimate
the load carrying capacity of an in-service structure.

0. Moselhi in 2002 [28] highlighted the following characteristics of
neural networks that make them useful for solving different types of engi-
neering and scientific problems:

o neural networks are based on algorithms in which computational
procedures are performed in parallel and decentralized rather than se-
quentially, as in conventional computer programs, resulting in fast data
processing;

e they have a distributed memory represented by weight coeffi-
cients in the links distributed over all elements of the network;

e neural networks remain functional even after several network el-
ements are damaged and fall out of network operation;

o they have the ability to learn from examples;

e allow predicting the behavior of systems with limited modelling
capabilities;

e allow fast and reasonably accurate solutions to complex, uncer-
tain and unusual situations.

Thus, it can be noted that the use of neural networks in engineering and
scientific tasks allows to simplify and speed up the calculation procedure.

The main purpose of this work is:

e approbation of convolutional neural network in the problems of
calculation of rigid reinforced concrete slabs of covering of container
yards erected constructed on the ground base, determination of stresses
in the design of such slabs caused by external influences from the load-
ing vehicle (reach stacker) moving on the surface;

e to show the possibility of using ‘soft computing’ with the applica-
tion of deep learning in tasks related to the design of building structures;

e to show the advantages of convolutional neural networks in
comparison with other models in determining the stresses in reinforced
concrete slabs on the base under different variants of concentrated loads
from reach stacker wheels;

e evaluate the accuracy of stress values obtained using convolu-
tional neural network.

2 Problem formulation and choice of neural network type

The design of reinforced concrete slab foundation on the soil base,
for which the calculation was performed, consisted of two reinforced con-
crete slabs, of which the lower one modelled the reinforced concrete base
slab of the container yard with a thickness of h=100 mm, the upper

one —the reinforced concrete cover slab of the container yard with
a thickness of h = 250 mm.

In calculations for the base slab was taken concrete class C'%/15 ac-
cording to [29] with modulus of elasticity E = 19000 MPa, for the cover
slab - concrete class C%/s according to [29] with modulus of elasticity
E = 38000 MPa. The Poisson's ratio for both slabs was assumed u = 0.2.

The interaction of the upper and lower slabs with each other was
modelled by means of elastic bonds of finite stiffness.

Calculation of the slabs for vertical loads from the wheels of a (reach
stacker) travelling on the surface was initially performed by the LIRA PC.

The work of the elastic base was taken into account by means of the
algorithm ‘Soil Model’ built into LIRA PC, which takes into account the
elastic work of each layer of the soil base. Characteristics of soils in the
layers were taken on the basis of engineering-geological surveys on the
territory of the container site in the transshipment park of Brest-Northerly
station in Brest.

The calculation was carried out for the action of constant load from
the own weight of the base slabs and the container yard covering and
short-term load on each front wheel from the reach stacker FERRARI
F500-RS2. The area of load application from the reach stacker wheels,
according to its technical specifications, was assumed to be A = 0,36 m2,
The value of the load from the reach stacker wheels was varied in the range
from 150 to 900 kN to form a database for training the neural network.

The classification of neural networks developed to date is quite ex-
tensive. A perceptron with one hidden layer is a universal approximater,
i.e. it is capable of approximating any continuous function with any de-
gree of accuracy if a continuous, monotonically increasing, bounded
function is used as the activation function of neural elements of the hid-
den layer [30]. Multilayer perceptron can be used for pattern classifica-
tion, prediction and control tasks. Recurrent networks can be used for
processing dynamic data, temporal patterns, solving prediction problems,
system identification, speech recognition, natural language processing
and control. Convolutional neural networks (CNN), which are a further
development of multilayer perceptron, are widely used for image pro-
cessing, and, unlike multilayer perceptron, they allow to take into account
image topology and retain predictive properties in case of shifts, scaling
and other distortions of the input image. Many other types of neural net-
works are also known.

Since the distribution of stresses, strains deformations or vertical dis-
placements on the slab surface has similarity with the image, the authors
of the paper decided to use convolutional neural network (CNN) to
achieve the goal.

3 Data for neural network training

The dataset used in this study to train the CNN was obtained through
parametric modelling in LIRA PC. A total of 125 numerical simulations
(images) were performed with the inherent ability to vary at different lev-
els three parameters: 1) the magnitude of the load from the wheels travel-
ling on the surface of the container yard slab of the reach stacker with the
container; 2) the location of the two front most loaded wheels on the sur-
face of the slab; 3) the shape of the container yard cover slab in plan.
The 125 numerical calculations were divided into two groups: 100 calcu-
lations were designed to train the CNN to predict the magnitude of
stresses in the slab distributed over its surface; 25 calculations were
designed to evaluate the accuracy of the developed CNN model.

The initial data intended for the formation of CNN feature maps char-
acterizing the recognized image were generated using two different
methods.

In the first case (model 1), the raw data were fed as four digital fea-
ture maps of dimensionality 56 x 56.

The first feature map, the shape feature, is designed to describe the
shape of the slab by means of zeros and units. In this map, the body of
the slab is described by units and the empty space by zeros.

The second feature map is the load map. The area to which the
wheel load is applied is marked in the map with elements indicating the
magnitude of the load applied to the corresponding area. The non-loaded
area of the slab in the map is marked with zero elements.

The third and fourth feature maps describe the location of the reach
stacker wheel load on the slab surface. In each of these maps, the center
of the reach stacker wheel load area is described by a zero, and all other
elements of the map represent the distance from this center to the corre-
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sponding point on the slab surface. The third map describes the load
position of the first wheel and the fourth map describes the load position
of the second wheel.

In the second case (model 2), the input data were fed as a single dig-
ital feature map of dimension 56 x 56, which displayed the coordinates of
the slab points in 0.1 m increments and the magnitude of the vertical
concentrated load on the slab at each coordinate.

The output was to obtain the stresses in the slab distributed over its
surface. The stresses obtained for CNN training in LIRA PC were formed
into a stress map, in which each element represented the stresses in the
corresponding point of the reinforced concrete slab.

4 Neural network architecture and algorithm

A convolutional neural network (CNN) with U-Net architecture was
used to predict the stress distribution on the surface of a reinforced con-
crete slab. U-Net is considered one of the standard CNN architectures for

whole image class, but also to segment its regions by class, to create a
mask that will divide the image into several classes. [31]. There is a per-
ception that a very large number of annotated training samples are re-
quired to successfully train deep neural networks. However, the study
[31] presents a CNN with U-Net architecture that relies on the active use
of additional data to make better use of the available annotated samples.
The authors of [31] show that the network they developed can be trained
on a very small number of images and outperforms the previous best
method for a number of neuron segmentation tasks on electron micro-
scopic tubes.

The architecture of the convolutional neural network used by the au-
thors of this paper is shown in Figure 1. It consists of two parts — encoder
(«convolutional») and decoder («unfolding deconvolution»). Encoder
converts the input image into a multidimensional feature representation.
It performs the feature extraction function. Decoder creates a segmented
image based on the features extracted from the convolutional part of the

image segmentation tasks, when it is necessary not only to define the  network.
2D CNN
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Figure 1 — Schematic of the applied CNN model with U-Net architecture with a single pixel at the lowest resolution. Each colored parallelepiped
corresponds to a multi-channel feature map. The number of channels is indicated by the first digit (before @) in the map parameter signature.
The map dimensions are indicated behind the @ sign in the map parameter caption. Transparent fields represent copied feature maps
for the concatenate operation. The following parameters are labelled with letters: Conv 2D — Convolution 2D - 2D convolution;

BN - Batch Normalization — Batch Normalization of data; LR — Leaky ReLU - activation function; R — ReLU - activation function;

T - Conv2DTranspose — 2D transposed convolution layer; D — Dropout — regularization method designed to reduce network overfitting

The input was an image of an externally loaded slab with dimensions
of 5,6 x 5,6 m, which were converted into three feature maps of dimen-
sions 64 x 64. The feature map responsible for the shape of the slab was
not considered at this stage of research as it was unchanged. The convo-
lution represents a digital filter in which training was performed using the
sliding window method [30] by means of weighted summation of values in
the map cells (neurons) and weighting coefficients — coefficients of the
convolution kernel. A sliding window is otherwise referred to as a local
receptive field or filter kernel for the corresponding (usually one) neuron
in the feature map (each receptive field in the input image space is
mapped to a different neuron in each feature map). The total number of
different synaptic connections in the convolutional layer is:

V(C)=M(p*+1), (1)

where C1 is the convolutional layer designation and its number, p? is the
total number of elements of the receptive field (kernels).

From expression (1) follows the peculiarity that the use of convolu-
tional network reduces the total number of tunable customizable synaptic
connections of a convolutional network in comparison with multilayer
perceptron due to the use of identical neurons in each feature map [30].

The result of ‘sliding’ the kernel, in this paper sized 4 x 4 in steps
of 2, across the entire image is written into a new image (a new feature
map). At each layer, the coding block collapses the three-dimensional
matrix, reducing the number of sampling points of the map by half and
increasing the number of features (channels) responsible for the charac-
teristic features (stress magnitude) of individual nodes of the network. To
preserve the dimensions of the feature map output and capture extreme
values, we added rows and columns to the right and left, as well as top
and bottom, filled with zeros in the feature map (padding procedure).

If we represent the pixels of the input image in one-dimensional
space, then the output value of the jj-th neuron for the k-th feature map in
the convolutional layer is defined as [30]
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where C =1, p2 : F is the activation function; Si? — weighted sum of

the jj-th neuron in the k- th feature map; W:ij

the c-th neuron of the input layer and the j-th neuron in the k-th feature

— weighting factor between

map; Tijk — threshold value of the jj-th neuron in the k-th feature map.

Each feature map obtained by convolution reflects the same local
features in all parts of the image. It represents a set of neurons, each of
which has the higher value, the more the associated image fragment
resembles a kemels.

At each stage of convolution, we performed batch normalization of
the obtained data (Batch Normalization — BN in Figure 1), which allows to
improve performance and stabilize the network, and rectification by a
linear activation block Leaky ReLU (LR in Figure 1).

The second part of the network, «decoder» is a mirror image of the
first. The image size needs to be restored to the original image size.
To this end, up-sampling layers are used in combination with convolu-
tional layers. Each layer in up-sampling represents the process of inverse
convolution of the feature map, accompanied by doubling of its size and
halving of the number of feature channels followed by batch normaliza-
tion. The dropout layer following the batch normalization turns off at ran-
dom (temporarily excludes from training) a certain percentage of neurons
in the network at each training step, which helps to prevent overdepend-
ence of the model on specific paths and nodes in the network leading to
overtraining [33]. The probability p with which each neuron will be exclud-
ed is typically between 0.2 and 0.5. The feature map obtained in this layer
is concatenated with the corresponding trimmed feature map from the
convolution layer and straightened by the linear activation unit ReLU.
The last layer uses convolution 1 x 1 to map each 64-component feature
vector to the correct number of classes.

5 Neural network training

It should be noted that in this study the number of trained parame-
ters, which was 98673 in model 1 and 98545 in model 2, exceeds the
number of images on which the model was trained, which, according to
many researchers, is a drawback of the model.

When training in convolutional neural networks, the whole image or lo-
cal regions (patches) around an image pixel can be provided as input data.
The authors of [31] note that when optimizing computations by stochastic
gradient descent, the method of convolution over the whole image is identi-
cal to training over local areas (patch). The authors of [31] did not find that
patch training provides faster or better convergence for dense prediction,
while whole-image training is, in their opinion, quite efficient and effective.

In [34], the authors are based on an elegant architecture, the so-
called fully convolutional network proposed in [31]. They modify and ex-
tend this architecture so that it works with a small number of training
images, by dividing images into local regions (patches), and performs
more accurate image segmentation. The main idea of [31] is to supple-
ment the usual convolutional network with sequential layers, in which the
pooling operators are replaced by up-sampling operators (up-sampling or
sampling operator). Thus, according to the authors, these layers increase
the resolution of the output signal. For localization, the high-resolution
features obtained during narrowing are combined with up-sampled output
data (concatenate). As a result, the subsequent convolution layer re-
ceives more accurate input data.

An important change in the neural network architecture presented in
[34], the authors note the presence of a large number of feature channels
in the up-sampling procedure, which allow the network to transfer contex-
tual information to layers with higher resolution. As a consequence, the
expanding path (decoder) is more or less symmetric to the narrowing
path (encoder) and yields a U-shaped architecture. The network does not
have fully connected layers and uses only the valid part of each convolu-
tion, i.e., the segmentation map contains only those pixels for which full
context is available in the input image. This strategy, according to
the authors of [34], allows seamless segmentation of arbitrarily large
images. To predict pixels in the boundary region of the image, the miss-

ing context is extrapolated by mirroring the input image. This procedure is
important for applying the network to large images, since otherwise the
resolution would be limited by the CPU memory.

The authors [34] emphasize that their U-Net CNN can recognize lo-
cal area, has a much larger amount of training data in the form of local
areas (patch) than the number of training images and has a high predic-
tive ability.

Thus, it can be noted that the existing opinion that the training sam-
ple size should be equal to the size of the trained parameters in order to
prevent overtraining of the network is currently debatable. The architec-
ture of modern neural networks can be configured in such a way as to
allow training on a small training sample size and achieve a sufficiently
high predictive ability.

In this work, the authors used a two-dimensional convolutional neural
network (CNN) with U-Net architecture to predict the stress distribution on
the surface of a reinforced concrete slab using the stochastic gradient
descent (SGD) method for training.

The training of the neural network, as mentioned above, is carried
out using the Batch Normalization method by the error back propagation
method according to the provisions given in [32]. In the batch normaliza-
tion method, some layers of the neural network are fed with pre-
processed data having zero mathematical expectation and unit variance.

The rectification function was used as neuron activation functions, by
which neuron output values can be calculated as:

S¥,sk>0,
yil; :F(Silj(): :

ijr¥i

kS, S <0,

ijr i =

(4)

where Si'j( - is the same as in formula (3); in convolution layers the

coefficient k = 0.02 was taken, in unwrapped (deconvolution) layers — k =
0.

In both models (model 1 and model 2), 300 training epochs were as-
signed. To train the neural network, 100 samples were used with the ratio
between training and validation samples being 97 % to 3 %. To test the
prediction accuracy of the models, an additional test sample of 25 sam-
ples not used in the training of the network was used.

When testing the neural network, the mean absolute error with L1
norm [35, 36] was used, as this metric reflects well the accuracy of the
prediction result. The loss function was defined as:

1
E= HZ‘Ytarget ~Y pregicted | (5)
where n — number of training images, Ytarget — training data,
Ypredicted — predicted data.

All stages of CNN creation, training and validation were implemented
using the Python programming language and the open-source machine
learning software library developed by Google to solve the tasks of build-
ing and training the Tensorflow neural network [37].

6 Results of calculations and their analysis

As a result of this study, it was found that the input data layout in
model 1 was better than in model 2. This is evidenced by the speed and
quality of training of the neural network, as well as by the numerical sta-
tistical evaluation of the reliability of the coincidence between the training
values obtained by finite element calculation and the stress values pre-
dicted by the neural network. A rather close coincidence of training and
validation sampling errors in Model 1 is observed after 120 epochs of
training and is maintained until the end of training (Figure 2a). The diver-
gence of training and validation sampling errors is about 17 %. In model
2, the training and validation sampling errors are quite different. While the
training sampling error decreases to 15 % during the training process, the
validation sampling error fluctuates within 50 % almost during the whole
training process (Figure 2b). In addition, the curve of variation of the train-
ing sampling error obtained by model 1 is smoother than by model 2,
which indicates a greater stability of neural network training in the first
case. The validation sampling error variation curve obtained by model 1 is
also smoother.
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Figure 2 — Parameters of neural network training according to model 1 (a) and model 2 (b)

To evaluate the accuracy of stresses in reinforced concrete slabs
predicted using neural network, we used well known mathematical statis-
tics: mean absolute error (MAE), standard deviation (RMSE), Pearson
correlation coefficient (r), coefficient of determination (R?). In addition, we
determined the value of correction factor b for the mean deviation of train-
ing and predicted stress values, the mean error value of models - A,
obtained from the error vector &, and the coefficient of variation V5 (of the
error vector 8), calculated according to the procedure given in Appen-
dix D of CH 0.01.01 [38]. The specified statistical parameters are given
in Table 1.

Table 1 — Statistical parameters characterizing the degree of accura-
cy of the developed neural network models

Model RMSE | MAE r R? b A Vs
Model1 | 0,478 10,305 | 0,924 10,854 0,928 [0,428 |0,015
Model2 | 0,637 |0/424 | 0,862 |0,733 0,853 [0,658 |0,146

The overall distribution of training and model 1 and model 2 predicted
stresses in reinforced concrete slabs is shown in Figures 3 and 4, and the
ratio of training and model 1 and model 2 predicted stresses in reinforced
concrete slabs is shown in Figure 5.
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Figure 3 - Distribution of stresses predicted by model 1 (a) and training (b) in reinforced concrete slabs
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Figure 4 - Distribution of stresses predicted by model 2 (a) and training (b) in reinforced concrete slabs
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Figure 5 — Ratio of training and predicted stresses in reinforced concrete slabs using model 1 (a) and model 2 (b)

The predicted stresses in reinforced concrete slabs using the neural
network have a relatively satisfactory coincidence with the training values
in the whole range of values. On average, the predicted values of stress-
es exceed the training values by 7 % for model 1 and by 15 % for model
2, as evidenced by the value of the correction factor b (Figure 5, Table 1)
for the mean deviation, determined by the expression:

Yoo,

%ol i

where o3, op — are respectively the training (actual) and predicted stress-
es in the reinforced concrete slab [38].

Taking into account the small number of the training sample, this
characterizes the predictive ability of the models as relatively high, but
insufficiently safe. It is also impossible to speak about high density of
distribution of predicted stress values along the line of training values.
Most of the predicted values, which is about 85-90 %, deviate from it
within 25 %. The maximum deviation, more typical for small stress val-
ues, is about 80 % (Figure 5).

The relatively low density of stress distribution is evidenced by the
value of the mean absolute error, which for model 1 — MAE = 0,305, and
for model 2 - MAE = 0,424. Relative to the mean value of stresses in
reinforced concrete slabs, which is 0,938 MPa for the test sample, the
mean absolute error (MAE) is 33 % and 45 %, respectively. The standard
deviation for models 1 and 2 respectively are: RMSE = 0,478 and
RMSE =0,637.

It is accepted that computational models with a coefficient of deter-
mination above 0,8 and a correlation coefficient above 0,9 are considered
good enough. When the coefficient of determination is equal to 1, there is
a functional dependence between the compared values. In our study,
when comparing training and predicted stresses, the values of correlation
coefficient (for models 1 and 2 respectively: r = 0,924; 0,862) and coeffi-
cient of determination (for models 1 and 2 respectively: R 2 = 0,854;
0,733) meet the above criteria only for model 1 (Table 1).

The coefficient of variation of the error vector 5, equals to 0,015 and
0,146 for models 1 and 2, respectively, is less than the value of 0,33, which
indicates a sufficiently high homogeneity of the studied data set [39].

Thus, it follows from the results of the statistical study that model 1
more accurately predicts the magnitude of stresses in the slab. The reason
for this may lie in the input data for training, which in the first model are fed
in the form of feature maps and form a common multilayer image of the
object. Each feature map conveys the parameters of one layer of this im-
age. All maps are united into a single image by the common geometric
shape of the object. In the second model there is only one feature map, and
the general geometry of the image is viewed only indirectly through the
space coordinates, which are endowed with the necessary features.

7 Conclusions

Mathematical models of resistance of rigid reinforced concrete slabs
do not allow to take into account a large number of variables simultane-
ously due to the complexity and labor-intensive nature of this approach.
As a rule, such models take into account the behavior of each individual
element of the structure, which in general for the structural system leads
to the calculation of several equations, especially when taking into ac-
count the influence of more than one parameter on the resistance. This
feature complicates the complexity and duration of the calculation and
necessitates reliable alternative predictions.

As reported by many research papers, modelling the behavior of en-
gineering structures using neural networks is much easier than using
traditional mathematical models.

Neural networks can be used as an alternative to mathematical mod-
els or experimental tests at the initial design stage to obtain rapid predic-
tion of the behavior of reinforced concrete slabs under load, determining
the magnitude of resistance and deflections.

Neural networks are able to model the behavior of systems at limited
design costs and provide fast and reasonably accurate solutions in com-
plex, uncertain and individual situations.

Analyzing the results of the statistical study shows that model 1 is
more accurate in predicting the magnitude of stresses in the slab due to a
more efficient feedforward.

In general, despite the fact that most of the statistical parameters do
not have the best values, the predictive ability of the models based on
convolutional neural network with u-net architecture can be considered
high enough.

The main reason for the error of the models is the small sample dataset
size of training data, which requires replenishment of the sample, retraining
of the neural network and subsequent assessment of its reliability.
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Abstract

The problem of the prediction the early age effective elastic properties of cement-based composites is one of the most important and at the same
time complicated problems of concrete technology. Cement-based composites consist of a large number of randomly distributed phases with different
geometric shapes and sizes at each structural level.

Currently, there are two common approaches to modeling the effective elastic properties of cement-based composites — analytical and numerical
homogenization. Most of the researches of the effective properties of cement-based composites focused their attention on the effective medium theory
as a part of analytical homogenization, in which all composite phases are considered as spherical inclusions leading to relatively simple computational
models for prediction. This significant assumption affects the accuracy of predicting the effective properties, since it is a well-known fact that the real
geometric shape of most phases of cement-based composites differs from spherical. One of the drawbacks of the effective medium theory is that
solutions for non-spherical inclusions can only be received for a regular geometric shape representing an ellipsoid.

At the same time, one of the advantages of numerical homogenization based on finite element analysis is the possibility of calculating elastic
properties for an arbitrary geometric shape of inclusions.

The purpose of the study is multiscale modelling the effective elastic properties of cement-based composites, using a combination of analytical and
numerical homogenization, considering the geometric shape of the phases at each heterogeneous level, close to their real shape in the structure of
composites.

Keywords: cement paste, concrete, analytical and numerical homogenization, multiscale structure, geometric shape.

9O®EKTUBHbIE YNPYTME CBOUCTBA LEMEHTHbIX KOMMNO3WUTOB B PAHHEM BO3PACTE
B. B. KpaBueHko

Pedepar

lMpobrema oueHkM 3hdEKTUBHBIX YNPYrX CBOCTB LIEMEHTHbIX KOMMO3UTOB B paHHEM BO3PacTe SBMSETCA OHOW U3 BAXHENLUMX 1 B TO e BpeMS
CnoXHbIx npobnem TexHomorun GeToHa. LiemeHTHble KOMMO3WTbI COCTOST W3 BOMbLUOTO KOMMYECTBA Cry4alHO pacnpedeneHHbIX a3 pasnuyHoi
reoMeTpr4eckoi hopMbl M Pa3MEPOB Ha KaxGOoM W13 3reMEHTapHbIX YPOBHEN CTPOEHWS UX CTPYKTYPbI.

B HacTosLLee Bpems CyLLeCTBYIOT ABa PAcnpOCTPaHEHHbIX NOAX0AA K MOAENMPOBaHNIO 3(h(EKTUBHBIX YNPYIUX CBOVCTB LIEMEHTHBIX KOMMO3UTOB —
aHanuTYeckas 1 YMCneHHas roMoreHn3aLys. bonbLLMHCTBO NPOBEAEHHbIX MCCeRoBaHNi 3 MEKTUBHBIX CBOMCTB LIEMEHTHBIX KOMMO3WTOB OCHOBAHbI Ha
MONOXEHNAX Teopun 3PDEKTUBHON CPeabl, OTHOCALLENCS K aHanMTMYECKO rOMOTeHU3aLmK, B KOTOPbIX BCE (hasbl KOMMO3WUTA PaccMaTpuBaloT Kak
cdepuyeckie BKIIOYEHWS, YTO MO3BOMSET MOMY4MTb OTHOCUTENBHO MPOCTbIE PacyeTHble MOAENW AMA WX OLEHKW. OTO CYLLECTBEHHOE AOMyLieHue
0OKa3blBaeT BAMSIHWME HA TOYHOCTb MPOrHO3MPOBaHMS CBOIICTB, MOCKOMbKY XOPOLLO M3BECTHO, YTO peanbHas reoMeTpuyeckas dopma 6onbluMHCTBa (a3
LEMEHTHbIX KOMMO3WTOB OTNNYaeTcs OT cepuyeckoir. OpHMM M3 HEmOCTaTKOB Teopun 3(PEKTUBHON Cpefbl SBMSETCA TO, YTO PELUEHMS
Ans Hecthepuyecknx BKIKOYEHMIA, MOTYT ObITb MOMYYeHb! TOMLKO ANs MPaBUIBbHONA reOMETPUYECKON (hOPMbI B BIAE annvncouaa.

B TOe Bpems OgHUM M3 NPEVMYLLECTB YNCTIEHHON FOMOTEH3aLMM HA OCHOBE KOHEYHO-3MIEMEHTHOTO aHanaa SBNSeTCs BO3MOXHOCTb OnpeaeneHms
YNPYruX CBOVICTB [11S1 IPOWU3BONLHO FreOMETPUHECKOI POPMbI BKIHOYEHNIA.

[laHHoe 1ccnepoBaHe OPUEHTMPOBAHO HA MOLenpoBaHue 3 dEKTUBHbIX YNPYriX CBOWCTB LEMEHTHbIX KOMMO3WTOB Ha OCHOBE MHOTOYPOBHEBOI
CXEMbI VX CTPYKTYPbl, MCTIONb3YS 4NS UX OLEHKM KOMOWMHALMIO aHanMTUYECKON 1 YYCTIEHHON rOMOreHM3aLmn, paccMaTprBas reomeTpudeckyto popmy das
Ha KaXAOM 3reMeHTapHOM reTeporeHHOM YpoBHe, Brn3Kyo K UX pearibHO (hopme B CTPYKTYPE LIEMEHTHbIX KOMMO3WTOB.

KnioueBble crnoBa: LEMEHTHbIN kameHb, GETOH, aHanuUTMYeckas U YNCNEHHAs rOMOreHU3aLms, MHOTOYPOBHEBAs CTPYKTYpa, reoMeTpuyeckas
topma.

Introduction

The elastic properties are crucial parameters, along with the com-
pressive and tensile strengths, for describing the mechanical behavior of
cement-based composites at an early age.

Modeling the elastic properties is the most complicated task in con-
crete technology. The reason is that, cement-based materials are three-
phase composites consisting of a porous cement paste, the interfacial
transition zone (ITZ), and aggregates [1]. In turn, cement paste itself is a
composite with an extremely complex and heterogeneous structure
formed during the hydration process.

It causes the fact, that modern approaches to modelling the elastic
properties of cement-based composites involve a multiscale technique.
This technique includes separate modelling the elastic properties at dif-
ferent scales depending on the microstructural morphology and sequen-
tial upscaling of properties from the underlying level to the upper one.
A homogenization scheme is implemented at each level for predicting the
effective elastic properties.

The key parameter of the homogenization is a representative ele-
ment volume (REV), which is defined as the smallest volume element that

has the same behaviour as the full-scale material [2]. Two scales can be
well identified in the REV: the microscopic scale (or local scale) which
represents the scale of inclusions, and the macroscopic scale (or overall
scale) which represents the scale of the REV itself.

There are two principal ways for homogenization the elastic proper-
ties of composites:

1. Analytical homogenization (also called mean-field homogeniza-
tion) based on the continuum mechanics, involving two class of effective
theories: effective medium theory (EMT) and differential effective medium
theory (DEMT) [3].

2. Numerical homogenization based on the finite element analysis
(FEA)' [4].

" The numerical homogenization also involves the Fourier transform ap-
proach, which is not discussed here.
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The analytical homogenization assumes that the microscopic strain
fields are linked to the macroscopic ones throw the following linear de-
pendency [5, 6]:

&g =A: (g);r=12,...,n, (1
where &, — is the second-order strain tensor of the phase r;

A, —is the fourth-order strain concentration tensor of the phase r;

(&,-)y —is the second-order macroscopic strain tensor;

V —is the REV,

(*)y - is the average of a field f over the REV,

(Frv =51, Fev;

x — is the position of an arbitrary point in the REV;

n —is the number of phases;

«:» —is the double dot product.

The equation (1) describes the so-called localization problem in the
homogenization theory.

Following the Hill-Mandel lemma, it leads to the macroscopic consti-
tutive elastic law (a,-)y = Cpom * {&)v, Which along with the equa-
tion (1) brings out the next expression:

(ar>V = (Cr : £r>V = <(Cr A <£r)V)V =
=(C, : A, >V : (ET)V| (2)
where (@), — is the second-order macroscopic stress tensor;
Crom — is the fourth-order effective elasticity tensor;

C,- —is the fourth-order elasticity tensor of the phase r.
This in turn, yields the EMT homogenization model [5, 6]:

Chom = err ((Cr : Ar) , (3)
where f,. —is the volume fraction of the phase r.

The most common solution of the localization problem, widely ap-
plied to cement-based composites, is the ellipsoidal inhomogeneity inclu-
sion (also called the Eshelby's inclusion) embedded in a reference medi-
um subjected to some uniform strain at infinity (£4,) [5]:

& =A: &, (4)
-1
A, =[1+S,:(C"¢C D], (5)
where I - is the fourth-order unit tensor;
C, - is the fourth-order elasticity tensor of a reference medium;
C,- —is the fourth-order elasticity tensor of the phase r;
S, —is the Eshelby tensor of the phase r, which depends on its ge-

ometric shape and elastic properties of a reference medium.
Taking the average of (4), we have:

<£r)V = <Ar : goo)V = <Ar)v P& = (Zrﬁ"Ar) f & (6)

Finally, combining (3), (4), and (6) is given the following homogeniza-
tion equation [3, 5]:

Chom =2+ £+ Cp ¢ [A,: (errAr)_l]- (1)

The elasticity tensor C, should be chosen depending on specific
morphology of the composite material. At the same time, there are sever-
al classical estimates for C,: the Mori-Tanaka (MT) scheme C, = C,,
(C,y, —is the fourth-order elasticity tensor of a matrix phase), and the Self-
Consistent (SC) scheme Cy = Cpom [5]-

The DEMT deals with a two-phase composite characterized by ma-
trix-inclusion morphology. Its homogenization model brings out from an
iterative starting from a step where a dilute concentration of inclusions is
randomly dispersed throughout a continuous matrix phase. At each step
a differential volume element dV is replaced with the same volume of
new inclusions randomly dispersed throughout the effective medium.
Replacement inclusions are always an order of magnitude greater in size
than those at the previous step. The effective elasticity tensor at each
step is expressed by [3, 7]:

Chom (€ + ) = Cpom(€) + [(Cine = Crom) * Atncl S, (8)
where C;,,. — is the fourth-order elasticity tensor of an inclusion;

A, —is the fourth-order strain concentration tensor of an inclusion;

¢ —is the volume fraction of an inclusion;

Ac - is the incremental volume concentration of an inclusion.

Which leads to the following generalized differential form [3, 7]:

d(;% = llfc(cinc - (Chom) FApe )
with initial condition C,, = C,, at c = 0.

To sum up, analytical homogenization is most suitable for compo-
sites with spherical inclusions providing fairly simple models for calculat-
ing the effective elastic moduli. The considerable drawback is that analyt-
ical solutions to the Eshelby's inclusion are expressed for ellipsoidal in-
clusions, which restricts the geometric shape of composite inclusions to a
sphere or spheroid.

The numerical homogenization assumes that the REV is subjected to
a homogeneous strain field, where the equilibrium conditions for the mi-
croscopic stress field (a(x)) read as [4, 8]:

V-o(x) =0Vx €V
with the linear elastic constitutive law:
o(x) =C(x): e(x)Vx €V,
where C(x) - is the fourth-order elasticity tensor.
The microscopic strain field €(x) can be split into the macroscopic
strain € which would be the actual strain field in the REV if it were homo-

geneous, and the periodic fluctuation strain & which accounts for the
presence of heterogeneities [4, 8]:

e(x) =+ &uW),

where 7i(x) - is the periodic fluctuating displacement field.
Taking into consideration the condition (&), = &, it follows that
Generalizing (9), (10), and (11), the following variational formulation
can be applied.
Find % € V such that:

J, G+ E@): Cx):E@)aV =0Vv eV,
Bw =5 (Vu+ (VW)

where ¥ - is the test displacement function.

The above formulation is not well-posed due to the existence of the
constraint (£),, =0. One way to circumvent this is introducing a vectoral
Lagrange multiplier A as an additional unknown and reformulate the prob-
lem [9].

Find (7, A) € V such that:

(10)

(11)

(12)

(13)
(14)

f(§+ é(ﬁ)):(C(x):é(ﬁ)dV+f A-iidv+f 6-udv =
4 14 14
=0vV(@0) eV, (15)

where «-» —is the dot product.

The solution of above problem is performed for six elementary load
cases consisting of uniaxial strain and pure shear solicitations by assign-
ing unit values of the corresponding &;;. The value &;; is usually taken to
be 1 and 1/2 for uniaxial strain and shear, respectively. For example:

1 0 0 0 1/2 0
&g = [0 0 0]; &p = [1/2 0 0].
0 0 0 0 0 o0

For each load case, the average stress g;; is computed and then the
components of the elasticity tensor C},,,,, are evaluated (see Figure 1).

Unlike the analytical homogenization, the numerical homogenization
makes it possible to evaluate the effective elastic moduli of composites
with inclusions of arbitrary geometrical shapes. The crucial disadvantages
are significant difficulties related to generating a mesh for arbitrary geom-
etry, and high computational complexity, which heavily depends on the
mesh resolution and the finite elements used.

Cement-based composites consist of a large number of randomly
distributed phases of different shapes and sizes, so to evaluate the effec-
tive elastic moduli it is most appropriate to use a combination of present-
ed approaches, applying them primarily depending on the morphology of
the phases at each elementary level. The geometric shape of phases
plays important role in homogenization of effective properties along with
their elastic properties and concentration, and is underestimated in the
most existing models.

This paper presents the linear model of elastic properties of cement-
based composites at early age based on the combination of these two
approaches to provide a solution considering phase shapes close to the
real ones, in contrast to existing approaches where they are mostly rep-
resented as spherical.

(16)
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Zi1 Young’s modulus
v12 and vi3 Poisson's ratio

7

G2 Shear modulus

Z£32 Young’s modulus
V21 and v23 Poisson's ratio

G113 Shear modulus

/£33 Young’s modulus
v31 and v32 Poisson's ratio

G723 Shear modulus

Figure 1 — Schematic representation of six elementary load cases required to estimate the effective elastic properties, according to [10]

Representation of multiscale microstructure

The microstructure of cement-based composites is divided into three
elementary levels:

1. Level 1: Unhydrated cement consists of the €352, C,S, C34,
and C,AF minerals, and hydration products consists of the CSH, CH,
CeAS3Hs,, CLASH,,, C3AH,, and FH; compounds;

2. Level 2: Cement paste consists of homogenous unhydrated ce-
ment, homogenous solid of hydration products, and porosity;

3. Level 3: Concrete consists of homogenous cement paste,
the ITZ, and aggregates.

Microstructure development

One of the key features of modeling the effective elastic properties of
cement-based composites is change over time in the volume fractions of
the constitutive phases of cement paste.

The modeling of the microstructure development is a complex ap-
proach that includes two parts:

1) A hydration kinetics model for evaluating the hydration degree «
at an arbitrary time step;

2) Predicting the volume fractions of cement paste phases corre-
sponding hydration degree f,(a) and associated with each hydration
reaction.

The present model involves the kinetics model of Parrot and Killoh
[11] and predicting the volume fractions using the stoichiometry of hydra-
tion reactions of clinker phases. To carry out the stoichiometry calcula-
tions, the sets of most well-known hydration reactions of Portland cement
were taken from the model of Tennis and Jennings [12].

Another aspect of modeling is related to the fact that numerical ho-
mogenization requires spatial distribution cement paste phases over
REV, which changes with time.

The most appropriate for these purposes is the discrete approach
based on splitting up of REV into cubic cells with a certain edge length,
typically 1 um, called voxels. Each voxel represents part of a specific
phase of REV at an arbitrary time step according to the stoichiometry of
hydration reactions and the rules of handle individual voxels. The discrete
approach can significantly simplify mesh generation.

One the well-known discrete models is CEMHYD3D [13]. However, the
considered model uses a computationally simpler model presented in [14].

Multiscale homogenization

Level 1

The most suitable scheme at that level is the SC scheme, in which
the reference medium coincides with the homogenized medium:

— for unhydrated cement: Cy = Cy;

— for hydration products: Co = Cpy;
where C,,. — is the fourth-order effective elasticity tensor of homogenous
unhydrated cement;

Cpp - is the fourth-order effective elasticity tensor of homogenous
solid of hydration products.

The SC scheme is classically used to homogenize a polycrystalline
structure consists of an agglomeration of individual crystallites (grains),
that accurately reflects both the structure of unhydrated cement and the
solid of hydration products.

The main problem here is the choice of geometrical shape of phases.
A spherical shape is a classical choice in most existing models. This is
considerable assumption, since a lot of SEM analyses of the microstruc-
ture of cement paste identify that the shape of most hydration products is
not spherical [15].

Meanwhile, as it has been noted, the analytical homogenization impos-
es restrictions that non-spherical inclusions can be approximated by one of
the spheroidal shapes: oblate or prolate, i. e. homogenous solid of hydration
products is represented by a set of spheroids, which differ in orientation. In
this way, the problem is reduced to choosing the appropriate spheroid
shape for each hydration product by determining its aspect ratio.

Assuming that spheroidal phases are isotropically oriented (i. e. in all
directions) in the REV, the average strain concentration tensor is defined
as [16, 17]:

A) == [0 Jy o Ay sin 0 d6 do, (17)

where A, - is the strain concentration tensor of the spheroidal phase rin
the spherical coordinates, calculated as:

AJr = RiijanpquAmnpq )

cos6 —sinf 0
2 The cement chemist notation is used. and = Sl.necqsqb Cosea.)w —sing|, (18)
sinfsin¢g cosOsing cos¢
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where ¢ and 8 — are the azimuthal and polar angle, respectively.

The average strain concentration tensor now should be taken for cal-
culating the effective elasticity tensor in the homogenization equation (7),
since the original tensor (5) assumes to axis-aligned orientation.

It is worth noting, that the above solution significantly increases com-
putational costs, since the SC scheme is a system of nonlinear equations
with respect to the components of the effective tensor, involving the
above complex transformation of the fourth-order strain concentration
tensor in solving it.

Regarding the morphology of Portland cement, it is not known with
any certainty. Nevertheless, in this paper is assumed that it is close to
spherical.

Level 2

The most frequent scheme at that level is the MT scheme, in which
porosity is considered as spherical inclusions. However, pores cannot be
completely characterized by a single geometric shape, the morphology of
pores is complex and has a wide range of both pore shapes and sizes
(from the nanometer to micrometer scale). In order to account the realistic
pore characteristics, it is more suitable to use the FEA-based homogeni-
zation.

Besides, the pure MT scheme is not well-posed at that level since,
the porosity of cement paste is partially saturated with water during the
hydration process. Consequently, a combination of the MT scheme and
poromechanics is required for predicting the effective moduli [18].

The FEA-based homogenization taken in conjunction with a discrete
REV of cement paste provides more flexible solution not restricted by
porosity shape, and can be effectively implemented without involving
poromechanics.

The discrete REV represents the set of voxels each of which has
stiffness depending on the phase it belongs to. And in addition, a voxel is
cubic element that can be easily transformed into a hexahedral finite
element.

The presented model uses a hexahedral mesh which is generated
based on the discrete REV obtained from the microstructural model [14],
and consists of the following finite elements:

— for strain field: a trilinear 8 nodes hexahedron with 3 degree-of-
freedom (DOF) per node;

— for stress field: a trilinear 8 nodes hexahedron with 1 DOF per
node.

The mesh has four subdomains related to the phases of unhydrated
cement, hydration products, and porosity, represented by water and air
subdomains. Each finite element has the same elasticity tensor within a
subdomain.

The global stiffness matrix and nodal load vector are assembled by
applying the variational formulation (15), where:

(Cuc VX € Ve
(Chp Vx € Vhp

CyVx€Y, ’
(Cair Vx € Vair
where C,,, C,; — is the fourth-order elasticity tensor of water and air,
respectively;

Vier Vips Viys Vair — are the subdomains of the REV referring to the
phases of unhydrated cement, hydration products, water, and air, respec-
tively.

One more important aspect of the FEA-based homogenization is
boundary condition. Typical boundary condition for approximating a solu-
tion over a REV are periodic boundary conditions under which each node
experiences the same periodic displacement as the opposite node.

This approach is characterized by high computational complexity as-
sociated with the assembly of the stiffness matrix and nodal load vector
as well as solving the linear system, and the regeneration of the mesh at
each time step.

Clx) = (19)

Level 3

This level is characterized by fairly clear morphology: a cement ma-
trix and aggregate particles of different sizes embedded into it. The ITZ
around each aggregate particle separates them from a cement matrix.
This area differs structurally and mechanically from both the cement ma-
trix and aggregates.

One of possible approaches to modelling such a composite structure
is reduce it to a two-phase morphology: a matrix with composite particles
embedded into it, consisting of aggregate particles surrounded by an ITZ
layer. It means, the original problem is divided into two subproblems:

1. Homogenization of a composite particle (also called effective
particle mapping);

2. Homogenization of a concrete microstructure.

According to [19], the effective particle mapping for a spherical parti-
cle surrounded by a matrix shell, effectively can be done using the Gen-
eralized Self-Consistent (GSC) scheme:

3
Tq,
(Cp =C («:ITZr (Caggr (Taggi!;itz) > y

where C,, - is the fourth-order effective elasticity tensor of a composite
particle;

C;rz - is the fourth-order elasticity tensor of a matrix shell (in this
case, it is the ITZ);

Cqgg — s the fourth-order elasticity tensor of a representative aggre-
gate particle;

Tagg — 8 the radius of a representative aggregate particle;

6+, — Is the thickness of the ITZ around aggregate particles.

The presented scheme is certainly realizable for rounded fine aggre-
gates and cubic coarse aggregates, since their shape can be approxi-
mated as spherical with relatively small error. On the contrary, the shape
of flaky and elongated coarse aggregates is closer to a prolate spheroid,
which reduces the accuracy of the scheme in relation to them.

In this way, for effective particle mapping of coarse aggregates pref-
erence is given to MT scheme:

(Cp = fagg( (Cagg : Aagg) + fITZ(CITZ ) (21)
where A, - is the strain concentration tensor of a representative ag-
gregate particle, which is calculated according to (5);

fagg — i8 the volume fraction of a representative aggregate particle
inside a composite particle, which is calculated as:

Va,
fagg = ng , (22)

(20)

Vagg —is the volume of a representative aggregate particle;

V;, —is the volume of a composite particle;

firz - is the volume fraction of the ITZ in a composite particle,
firz =1 = fagg-

The aggregates are a huge mass of particles of different sizes char-
acterized by a particle size distribution. So, the following question arises,
what a representative aggregate particle is in this case? The simplest
answer to this is to take any type of averages, for instance, weighted
average. However, it is obvious, simple averaging is not appropriate for
estimating the entire population of aggregate particles.

Here, a more flexible iterative process is used, where at each step a
composite consisting of a representative aggregate particle of the i-th
fraction surrounded by a uniform matrix shell is considered. At each step,
the thickness of a matrix shell remains constant. A number of steps is
equal to a number of aggregate fractions.

The effective elasticity tensor calculated by (20) or (21) from the pre-
vious step is the matrix elasticity tensor for the current step. At the first
step, the matrix elasticity tensor is C;r. Finaly, the effective elasticity
tensor of a composite particle will be reached in the last step.

The analyzes of the concrete morphology indicates that the DEMT s
probably the best choice for the homogenization its microstructure, since
a well match is observed between a concept of the DEMT and the con-
crete microstructure. So, the effective elasticity tensor of concrete (C,)
computes according to (9):

ac, 1
- (Cp - (Cc) : <Ap),

dc = ;
with initial condition C, = C.p, atc = 0.
where : (A,) - is the average fourth-order strain concentration tensor of
a composite particle, calculated using (17) for non-spherical particles,
otherwise (A,) = A,
Ccp — is the fourth-order effective elasticity tensor of homogenous
cement paste.

(23)
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Nevertheless, it is impossible to directly solve the above differential
equation, since the composite contains composite particles of two types —
fine and coarse. To get around this problem, one of the possible solutions
is to use an iterative process similar to described one earlier: first the
equation is solved for the fine composite particles, then this solution is the
initial condition for the equation solving with respect to coarse composite
particles.

Percolation threshold

Percolation threshold of the solid phase of cement paste plays key
role from the point of view of its mechanical behavior. It describes a state
of cement paste corresponding to the setting process during which the
initial stiffness of the cement system is formed, i.e. below which elastic
moduli can be neglected.

According to percolation theory any mechanical characteristic will be
proportional to the volume of connected (percolated) clusters in the sys-
tem. This means that it is necessary to determine the percolation clusters
each time step in the discrete REV and the stiffness matrix and nodal
vector must be assembled only from finite elements related to these clus-
ters, that is a rather complex computational problem.

At the same time, the percolation theory provides a simple analytical
solution represented by a power law in the following normalized form:

a—a. 14
Ccp = (ngA( per) )

1-aper

(24)

where CEE4 - is the is the effective fourth-order elasticity tensor of ce-
ment paste according to the FEA-based homogenization;

a —is the hydration degree of cement;

Qe — is the hydration degree of cement corresponding to the per-
colation threshold of the solid phase;

y —is the exponent.

Modelling results

Concrete with parameters reported in Table 1 was used for the simu-
lation.

The parameters of the constitutive phases of cement paste report in
Table 2. The elastic properties of the phases in Table 2 were taken ac-
cording to [20].

Table 1 — Parameters of concrete

The analyzed hydration period is 28 days.
The predicted phase composition of cement paste during hydration
period is shown in Figure 2.

EEN inert gypsum BN portlandite
H alite B ettringite mm C-S-H
H Dbelite Emm monosulfate water
mm ferrite iron_hydroxide air

B aluminate Em hydrogarnet

1.0

0.8 1

0.6

0.4 1

0.2

Relative compound volume [m3/m?3]

0.0
0.0000

0.1750

0.3500 0.5250
Degree of hydration [-]

0.7391

Figure 2 — The predicted phase composition of cement paste during
hydration period

The REV resolution was considered in the range from
10 voxels/edge to 20 voxels/edge to reduce the computational cost
(1 voxel =1 umd).

The Eshelby's tensor was computed according to [21].

i i 3
Mix proportions, kg/m Density, kg/m? |
Aggregate Water to Fineness of Mineral composition of ce-
Iéonland Water c?;?ﬁ,m Portland Aggregate c;n;/int, ment (mass %)
ement i g
fine coarse Cement :
fine coarse
C3S: 54,5; C2S: 17,3; CsA:
370 185 754 969 0,5 3150 2510 2640 345 8.9: C4AF- 7.6; Gypsum: 5
Table 2 — Parameters of the constitutive phases of cement paste
Phase
Parameter _ _ Gyp-
CsS C,S C5A C,AF | CSH CH C¢AS3Hs, | C4LASHy, | C3AHg | FH3 sum
Young's modulus, GPa | 1374 135,5 145,2 150,8 238 43,5 24,1 432 93,8 224 | 445
Poisson's ratio 0,299 0,297 0,278 0,318 0,24 0,294 0,321 0,292 0,32 0,25 | 0,33
Aspect ratio 1,0 1,0 1,0 1,0 0,01 0,1 100 10 1,0 1,0 1,0

The elastic properties of water: the bulk modulus is 2,2 GPa, the
Poisson's ratio is 0,499. The elastic properties of air were taken to be
close to zero.

The particle size distribution of aggregates is provided by Gates-
Gaudin-Schuhman distribution. Characteristic particle diameter was taken
for fine aggregate 8 mm, for coarse aggregate 31,5 mm. Particle size
distribution exponent is equal to 1,5 for both cases.

The average particle size for each fraction of aggregates was deter-
mined as the volume-weighted mean diameter (also called De Brouckere
mean diameter).

The parameters of aggregates report in Table 3.

The elastic properties of the ITZ were considered as 1/3 of the effec-
tive elastic properties of cement paste. The thickness of the ITZ is equal
to 50 pum.

The exponent in the equation (24) is equal to 1.

The modeling results are presented in Figures 3, 4, and 5.
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Table 3 — Parameters of aggregates

Aggregate
Parameter
fine coarse
Young's modulus, GPa 59,5 63,5
Poisson's ratio 0,25 0,31
Aspect ratio 1,0 3,0
Sieve size, mm 05;1;2;4,8 4:8;16; 31,5
—eo— Spherical hydrates
—e— Spheroidal hydrates (isotropic OD)
_ —e— Spheroidal hydrates (aligned OD)
5 34
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E | ” = -
5 32
o]
o]
=
v 30
o
c
3
>
(0] 28 &
2
&4
9]
[J]
£ 26 +r—— : :
012 4 8 12 28
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Figure 3 — Comparison of the effective Young's modulus of hydration
products computed by using the SCS scheme, depending on their shape
and orientation (OD - orientation distribution)
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Figure 4 — Comparison of the effective Young's modulus of cement paste
computed by using the FEA and MT schemes
(the effective Young's modulus of hydration products and clinker phases
were computed by using the SC scheme)
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Figure 5 — Comparison of the effective Young's modulus of concrete
computed by using the Differential and MT schemes
(the effective Young's modulus of hydration products and clinker phases
were computed by using the SC scheme, the effective Young's modulus
of cement paste using the FEA scheme at a REV resolution
of 10 voxels/edge)

Conclusions

1. Cement-based composites consist of a large number of phases
of different shapes and sizes, so an approach to predicting effective elas-
tic properties considering all phases as spherical inclusions, is not an
effective solution that may reduce the accuracy of predicting.

2. The structure of cement-based composites and morphology of
phases differ significantly at each scale level preventing the use of only
one specific way for homogenization elastic properties.

3. The most preferable approach is to use both analytical and nu-
merical homogenization, which leads to achieving acceptable accuracy in
predicting effective characteristics.

4. The limitation of as such approach is the high computational
complexity.

5. Analysis of the microstructure of cement-based composites ce-
ment-based composites indicates that the SC scheme is the best possi-
ble way to predict the effective elastic properties of hydration products
and clinker phases, for a cement paste — the FEA scheme, and for con-
crete — Differential scheme.
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Abstract

The microstructure of cement paste is extremely complex and heterogeneous, consists of randomly distributed phases with an arbitrary geometry,
formed during the hydration process. The key phase of cement paste — calcium silicate hydrate exhibits distinct viscoelastic behavior causing creep in
cement-based composites. These reasons make the problem of evaluating effective stiffness characteristics rather difficult, since stress-strain
relationships under viscoelastic behavior are usually described using the principle of aging-time superposition, represented in the form of the Stiltes
integral, which has not an analytical solution.

Existing approaches to solving this problem involve two principles: the Laplace-Carson transform and the effective medium theory. This makes
possible to find a solution for the evaluate effective stiffness characteristics under viscoelastic behavior, but only for a limited geometric shape of
inclusions in the form of an ellipsoid and its related shapes. However, such shapes are not fully matching the real geometric shape of most phases of
cement paste, especially for capillary porosity.

The paper presents one more approach to solving the problem of effective stiffness characteristics of cement paste based on a FEA
homogenization facilitates to evaluate effective stiffness properties for an arbitrary phase geometry, through introducing into the variational formulation
the numerical inversion of the Stieltjes integral describing its viscoelastic behaviour. In addition, this approach best implements the solidification
mechanism for the history of the aging stress-strain relation during the hydration process.

Keywords: cement paste, viscoelasticity, homogenization, solidification theory, FEA.

NPUHLUUMN TOMOIrEHU3ALIUK XKECTKOCTHBIX XAPAKTEPUCTUK LEMEHTHOIO KAMHA MPU BA3KOYMPYIrOM
NOBEAEHUU

B. B. KpaBueHko

Pedpepar

MWKPOCTPYKTYPa LIEMEHTHOTO KaMHSi Ype3BblyaliHO CrOXHA M HEOAHOPOAHA, COCTOMT M3 XaOTUYHO pacnpedeneHHbiX a3 C MpoM3BOMbHON
reomeTpuen, 0bpasyembix B npoLecce rugpataumu. [pu aToM cnepyeT yuuTbiBaTh, YTO OCHOBHAS (pa3a LIEMEHTHOTO KaMHS — MMAPOCUNMKAT KanbLns —
MPOSIBNSIET SPKO BbIPAXEHHOE BA3KOYNpyroe nosefeHue, obycrnaBnveas BO3HUKHOBEHME MON3Y4eCT B LEMEHTHbIX KOMNO3UTax. JTW MPUYMHBI fenatoT
3a7au4y OLieHKM ero aEKTUBHBIX XECTKOCTHBIX XapaKTEPUCTVK AOCTATOYHO CIIOKHOM, MOCKOMBKY HaNpshkeHHO-AEOPMMPOBAHHOE COCTOSHIE B YCMOBUSX
BS3KOYMPYroro NoBeAeHUs MPUHSATO pacCMaTpuBaTh C MO3NLMA TEOPUM HENWHEIAHON HAaCMeaCTBEHHOCTY, MPeACTaBNseMoN B BiAe WHTerpana Ctuntbeca,
He VIMEIOLLIEro aHan1TUYECKOro peLLeHNs.

CyuiecTytolme noaxoapl K pelueHnio obosHaveHHo npobrembl coyeTaloT ABa nMpuHUMNa: npeobpasosaHue Jlannaca — KapcoHa u nonoxeHus
Teopun 3peKTUBHOI CPedbl, YTO MO3BONSET HAXOAUTL PeLleHre 3aaaqun 3dEKTUBHbIX CBOICTB KOMMO3UTOB MpW BA3KOyNpyrom noseaeHuy. OpHako
MOCKONbKY MOMy4YaeMble PeLleHns B pamKkax Takoro Moaxoda OCHOBaHbl HA MONMOXEHWSX Teopun 3EKTMBHOM Cpembl, STO MPUBOAWT K LOCTATOMHO
CYLLECTBEHHOMY OrpaHNYeHNIo, HaknagbiBaemMoMy Ha reoMeTpuyeckylo qopmy has koMnosuta, KOTopble MOryT ObiTb MPeLCTaBneHbl TONMbKO B BUAe
3NMUNCOMAA M ero Npou3BOaHbIX OpM, YTO He COBCEM COOTBETCTBYET peanbHON reometpuyeckon opme BonblUMHCTBA (ha3 LEMEHTHOrO KamHsi, B
0COBEHHOCTY KanunnsipHOM NOPUCTOCTY.

B cratbe npeacTaBneH elle oanH NOAXOA K peLleHmnio 3aadn ahdeKTUBHBIX KECTKOCTHBIX XapaKTepUCTUK LIEMEHTHOTO KaMHS MPW BSA3KOYNPYrom
MOBEAEHNM, OCHOBAHHBIA Ha MOMOXEHNAX FOMOTEHM3aLM METOAOM KOHEYHbIX 3fIEMEHTOB, MO3BOMAIOLLEN OLEeHWBaTb AdEKTUBHbIE KECTKOCTHbIE
XapaKTepuCTUKA KOMMO3WTOB C MPOM3BONMBHON reOMETpUYeckoil opMoit (a3, B BapuaLMOHHY0 (POPMYNMPOBKY KOTOPOTO BBOAWTCS YMCRIEHHOE
obpatenme nHTerpana CTunTbeca, OMMCHIBAIOLLETO BS3KOYMPYroe NOBEAEHWE LEMEHTHOrO kamHs. Kpome Toro, aToT nogxod Hammydwum obBpasom
peanuayeT NoNoXeHVs TEOpu conuandmkaLymmn npy hopMMPOBaHUIA NCTOPUN HANPSKEHHO-AE(hOPMMPOBAHHOTO COCTOSHIS B NEPUOA rvapaTaLum.

KntoueBble cnoBa: LeMeHTHbIN kaMeHb, FOMOTreHN3aLns, BA3KOYNpyrocTb, Teopus conuandukatm, MKD.

Introduction

Cement paste' is a crucial phase of cement-based composites which
in many respects determines their mechanical behavior at an early age. It
is a composite consisting of a solid phase (hydration products and unhy-
drated cement), a liquid phase (water), and a gas phase (air) with a com-
plex and heterogeneous structure formed during the hydration process.

One of the key features of cement paste is that the solid phase has
the distinctly viscoelastic behavior which originates in the calcium silicate
hydrates, and causes creep in cement-based composites [1].

1 Here the term «cement paste» refers to the hardened cement paste.

There are many prediction models for evaluating the effective stiff-
ness characteristics of cement paste based on the principles of multiscale
modeling, and dealing with the following techniques of homogenization:

1. Analytical homogenization, including two class of effective theo-
ries: effective medium theory and differential effective medium theory [2].

2. Numerical homogenization based, including two methods based
on: finite element analysis (FEA) [3] and the Fourier transform [4].

The obvious drawback of these models is that they consider cement
paste through linear elastic behaviour. At the same, there are only a few
models taking into consideration viscoelastic behavior of cement paste.
The models [5, 6] use the Laplace-Carson transform which converts non-
ageing linear viscoelastic behavior into linear elastic one, allowing to
directly apply the analytical homogenization schemes. Then, the numeri-
cal inversion of the Laplace—Carson transform is used for the aging vis-
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coelastic solution. The model [7] uses a principle based on Volterra inte-
gral operators, allowing to directly apply the Mori-Tanaka scheme for the
aging viscoelastic solution.

Despite the fact that these models allow for the possibility of linear
viscoelastic behavior, they still have restrictions imposed by the analytical
homogenization schemes related to the geometric shape of the inclu-
sions, assuming to be spherical in most cases. This considerable as-
sumption may decrease accuracy of predicting the effective stiffness
characteristics, since it is a well-known fact that the shape of most hydra-
tion products is not spherical. This is especially so for capillary porosity
with a complex morphology, including various geometric shapes with
irregular spatial distribution.

This paper presents approach based on the FEA homogenization,
which is not sensitive to a geometric shape of inclusions, through intro-
ducing into the variational formulation the numerical inversion of the fol-
lowing Stieltjes integral, expressing the principle of superposition [8]:

£(t) = J, J(t,t") da(t"), (1)

where £(t) - is the second-order microscopic strain tensor at time t
representing the age of a cement-based composite;

solidifying
layers of
cement paste

unhydrated cement water

———

J(t, t") - is the fourth-order compliance tensor representing the
strain at time ¢ caused by a stress that has been acting since time t’;

a(t") —is the second-order microscopic stress tensor at time ¢'.

The time-dependent compliance tensor contains a time-dependent
elastic part and a time-dependent viscous part [8]:

J(t,t") = CE) ™! + (8, L), 2
where C - is the fourth-order elasticity tensor;

J, —is the fourth-order viscoelastic compliance tensor.

The principle of superposition relates the stress and strain histories
states that the response to a sum of two stress (or strain) histories is the
sum of the responses to each of them taken separately [8]. For the mi-
crostructural development of cement paste caused by a hydration pro-
cess, the stress and strain histories can be expressed throw the solidifica-
tion theory that assumes that fictitious clusters of cement paste are grad-
ually added to the existing ones. Cement paste is considered as a set of
all formed clusters (see Figure 1). Since clusters are formed at different
ages, history variables for different clusters are treated as mutually inde-
pendent variables [9, 10].

The presented approach based on the FEA homogenization imple-
ments the principles of the solidification theory to express strain and
stress history.

hydration product air

shrinkage

Figure 1 — Schematic representation of solidifying clusters of cement paste, according to [10]

Basic assumptions and principles

1. The microstructure of cement paste is considered at two scales:

- Level 1: Unhydrated cement consists of the C3St, C,S, C34,
and C,AF minerals, and hydration products consists of the CSH, CH,
C¢AS3Hs,, CLASH,,, C3AH,, and FH; compounds.

- Level 2: Cement paste consists of homogenous unhydrated ce-
ment, a homogenous solid of hydration products, and porosity, including
a liquid phase (water) and a gas phase (air).

2. The hydration-induced evolution of the volume fractions of clinker,
hydrates, and pores is quantified based on the stoichiometry of hydration
reactions of clinker phases. The hydration reactions of Portland cement
were taken from the model of Tennis and Jennings [11].

3. Hydration of clinker phases is modeled through the kinetics model
of Parrot and Killoh [12].

4. The morphology of cement particles is modeled as spherical, and
the hydration products as prolate or oblate spheroidal that is isotropically
oriented in the representative element volume (REV).

" The cement chemist notation is used.

5. The effective elastic tensor of homogenous unhydrated cement
(Cy¢) and a homogenous solid of hydration products (Cp,,) are estimated
using the Self-Consistent scheme [2].

6. The REV of cement paste is a voxel-based grid considered no
more 50x50x50 um in size with a resolution of 1 pm3/voxel.

7. The voxel-based microstructural model [13] is used for the spatial
distribution the phases of cement paste over the REV during the hydra-
tion process.

8. Continuous hydration time is discretized into n time intervals
Ati =t;—ti_1, i=1,n.

9. A hexahedral mesh is generated based on the voxel-based REV,
and consists of the following finite elements:

— for strain field: a trilinear 8 nodes hexahedron with 3 degree-of-
freedom (DOF) per node;

— for stress field: a trilinear 8 nodes hexahedron with 1 DOF per
node.

10. The hexahedral mesh is divided into four subdomains related to
the phases of cement paste. Each finite element has the same elasticity
tensor within a subdomain.

11. Periodic boundary conditions are implemented to approximate
the REV as an infinite system with a structural periodicity.
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12. Since, only the CSH phase has viscoelastic behavior, the modi-
fied model from [14] is used for the compliance tensor:
J(t,t") = Cpp ()™ + Jesu(t, t) =
- -1 1 =t
= Cpp) + Ecvu-w) In (1 +— ),
where C,, —is the contact creep module calculated by [14];

B - is the fourth-order tensor for transformation into three-dimension
stress-strain relationship, which depends on the elastic properties of the
CSH phase [8];

v —is the Poisson's ratio of the CSH phase;

T —is the characteristic viscous time, 1,66 s [14].

13. The numerical inversion of the integral (1) is used according to
the trapezoidal rule [8]:

g0 = s [0 ) + 3(tu-1)) + A0y] =2ho13(t0toy2)
Agjfori > 1, (4)
where g; - is the second-order stress tensor of i-th time interval;

t;, t; —is time related to the end of i-th and j-th time interval, respec-
tively;

tj_1/2 —is time related to the middle of j-th time interval,

Aag; - is the incremental of the second-order stress tensor of j-th
time interval;

«» —is the double dot product.

Then, the difference of the second-order stress tensor at i-th time in-
terval (Ag;) can be expressed by [8, 15]:

Ag; =J(ti timayz) * Aoy + 25'_:11 [(H(ti! ti_1/2) —

= J(tistya2)) : Agyfori > . (5)

Consequently, the stress tensor at i-th time interval is calculated by:
o; =0,_1+ Ao;. (6)

14. The relation between the macroscopic stress and strain tensors
is used is used to calculate the effective constitutive fourth-order tensor

Cepr [1]:

(o)y = Cesy (&), (7)
where (*), — is the average of a field f over the REV, (f), =
1, Fav.

(3)

Variational formulation

Following continuum micromechanics, the composite microstructure
can be considered as a REV composed of homogeneous phases, and
subjected to a macroscopic strain field (€) prescribed at its boundaries.
The local strain field of an arbitrary point in the REV £(x) can be split
into € and a periodic fluctuation strain é(ﬁ(x)), which accounts for the
presence of heterogeneities [16].

Then, using the principle of virtual work and introducing an additional
vectoral Lagrange multiplier as an additional unknown to make the aver-
age of & over the REV is vanish, the following variational formulation
gives [17]:

Table 1 — Parameters of cement paste

Find (i, A) € V such that:

fo(ﬁ(x)):z(ﬁ)dv+f A-ﬁdv+f 6-udv =
|4 14 14

=0v(®,0) eV,
where 2 - is the trial displacement function;
¥ —is the test displacement function;
A —is the vectoral Lagrange multiplier;
x — is the position of an arbitrary point in the REV;
V-is the REV;
«» —is the dot product.
And:

(5 + 8@y)) : Cyue VX €V,
» 0,1+ Ao, Vx EVp,
o) = { (2, + 8@)) : C, VX €V,
k(gi + E(ﬁi)) : Cyir VX € Ve
Ew) =5 (Vu+ (Vu)"), (10)
where C,,, Cg;- — is the fourth-order elasticity tensor of water and air,
respectively;

Vier Vips Vs Vair — are the subdomains of the REV referring to the
phases of unhydrated cement, hydration products, water, and air, respec-
tively.

The is the incremental of the stress tensor Ao; is expressed
from (5), where Ag; = Ag; + AE;.

: ©)

Solidification of cement paste

According to the solidification theory, increment of stiffness of cement
paste during a hydration process is given in relation to increment of a
cluster thickness, which is represented by increment of the volume of
hydration products (see Figure 1), and it is assumed that the properties of
clusters do not vary with time [9]. The total number of fictitious clusters is
equal to the number of time intervals.

The above principle can be easily applied to discrete REV, where a
separate cluster is considered as a set of hydration product voxels that
have been produced at i-th time interval. The use of the voxel-based
microstructural model, for instance [9], allows creating a history of the
formation of such clusters, as well as to keep the spatial position of the
cluster voxels in the REV.

This also means that the finite elements within a mesh subdomain be-
longing to each cluster can be identified and explicitly associated with the
stress-strain relation on the corresponding time interval unlike the classical
approach where the fictitious clusters are assumed to be a dimensionless
variable that is equal to the increment in degree of hydration.

Modelling results

The Portland cement paste with parameters reported in Table 1 was
used for the simulation.

The parameters of the constitutive phases of cement paste report in
Table 2. The elastic properties of the phases in Table 2 were taken ac-
cording to [19].

Mix proportions, kg/m? i i
prop g Water tot.cement Den3|t)l: o/f csement, Fmeness;/)li cement, Mineral composition of cement (mass %)
Portland Cement | Water rato g/m me/kg
CsS: 54,5; C2S: 17,3; C3A: 8,9;
370 185 0,5 3150 345 C4AF: 7,6; Gypsum: 5
Table 2 — Parameters of the constitutive phases of cement paste
Phase
Parameter CsS | €S | CA | CLAF | CSH | CH | CoASiHs, | CLASHy, | C3AHg | FH; | Gypsum
YoungsToduls, | 4374 | 1355 | 1452 | 1508 | 238 | 435 | 24 432 | 938 | 24 | 45
Poisson's ratio 0299 | 0297 | 0,278 | 0,318 0,24 0,294 0,321 0,292 0,32 0,25 0,33
Aspect ratio 1,0 1,0 1,0 1,0 0,01 0,1 100 10 1,0 1,0 1,0
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The stiffness characteristics of water: the bulk modulus is 2,2 GPa,
the Poisson's ratio is 0,499. The stiffness characteristics of air were taken
to be close to zero.

The REV resolution of 10 voxels/edge was used in simulation to re-
duce the computational cost.

Six elementary load cases consisting of macroscopic uniaxial strain
and shear solicitations were applied at each time step by assigning con-
stant unit values &;;: € = e;®e; - for uniaxial strain, and

— 1 .
£=:(e®e; + e;®e;) - for shear strain

(11)

where e; - is the unitary bases;
«®» —is the tensor product.
Two additional creep compliance functions (¢, t") were used for a
comparative analysis of the effective properties:
1) adapted ACI model [20]:

(t—t')0'6
10+ (¢—t")06’

n _— 1+¢(trt’). n .
](tl t ) - Ehp(t,) ’ (tl t ) - 2:35
where Ej, (t") —is the effective elastic modulus of hydration products.
2) adapted CEB MC90 model [14]:

, 1 tt’ ,
J6t) = g+ B (1) =

where Ej,,, - - is the effective elastic modulus of hydration products at
28 days, 33 GPa.

To evaluate the stiffness tensor considering the percolation of the
solid phase of cement paste, a power law in the following normalized
form was used:

oy = et (22)

1-aper

(12)

N 103

Enp2s’ 500+(t—t")

(14)

where (ngff - is the effective fourth-order stiffness tensor of cement
paste according to the FEA-based homogenization;

a —is the hydration degree of cement;

aper — is the hydration degree of cement corresponding to the per-
colation threshold of the solid phase;

y —is the exponent, 1.

The modeling results are presented in in Figures 2 and 3.

—e— FEA-based linear homogenization
—e— FEA-based non-linear homogenization

— 24
©
o
2,
0n
= 18
=)
o
o
£
v 124
o)
cC
3
9
O 61
2
-
|9
0]
b
uJ 0 T T T T T
012 4 8 12 28
Hydration time [days]
Figure 2 - Effective behavior of cement paste
Conclusions

1. Modelling the effective stiffness characteristics of cement paste
is a rather difficult task, due to the combination of the facts that its struc-
ture consists of randomly distributed phases with an arbitrary geometry,
and a solid phase has viscoelastic behaviour.

2. The article presents the approach to solving the problem of ef-
fective stiffness characteristics of cement paste given the above issues
based on a FEA homogenization makes it possible to evaluate its effec-
tive properties for arbitrary phase geometry, throw introducing into the
variational formulation the numerical inversion of the Stieltjes integral
describing the constitutive model of viscoelastic of the solid phase of
cement paste.

3. Animportant advantage of above approach is that the voxel REV
used to generate the mesh can also implement solidification theory prin-
ciples to express the strain and stress history associated not with fictitious
but with each identified cluster formed during the hydration process.

—e— \andame creep model
—e— ACI creep model
—e— CEB MC90 creep model

—
N

Effective Young's modulus [GPa]

0 B T T T
012 4 8 12 28

Hydration time [days]

Figure 3 - Effective behavior of cement paste based on non-linear FEA-
based homogenization using different creep models
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Abstract

The purpose of this article is to analyze the influence of deflections of supporting floors on the crack resistance of floor-by-floor supported masonry
walls, depending on the method of their connec-tion with the reinforced concrete floor. This article shows that the deflection of the floor causes the
appearance of main tensile stresses in the wall with the doorway, the maximum values of which are concentrated in the corner areas of the opening.
To reduce the risk of cracks in the wall filling between the masonry and the supporting floor, it is recommended to install a separating layer of one or two
layers of film material. In case of deflection of the supporting floor the separating layer allows to exclude the transfer of load to the walls, which may be
caused by the adhesion of the leveling layer of mortar to the floor. It has been established that an increase of the coefficient of friction between the wall
and the supporting floor leads to a decrease in the main tensile stresses in the corner area of the doorway. Therefore, when constructing a separating
layer, it is not recommended to perform it at the end sections of the filling. Based on numerical studies, the dependence of the main tensile stresses in
a partition with a doorway on the value of the coefficient of friction between the surfaces of the masonry and the supporting floor.

Keywords: masonry, floor-by-floor supported walls, deflection, supporting floor.

BJIUAHUE HA TPELUMHOCTOMKOCTb NMOITAXHO ONEPTLIX KAMEHHbIX CTEH CMIOCOBA UX COMPSXEHMA
C NOAAEPXUBAIOLLUM NEPEKPLITUEM

M. A. Hosuk, B. U. lOcbkoBuY

Pedepar

Llensto gaHHON CTaTbi SBNSETCH aHanm3 BUSHUS NpornboB NoAAEpKMBAIOLLMX NEPEKPBITAN KAMEHHOM KNaakv Ha TPELMHOCTONKOCTb KaMEHHbIX CTEH
MO3TAXHO OMEpPThIX CTEH B 3aBMCMMOCTM OT criocoba MX CONPSIKEHUS € kene30beToHHbIM nepekpbITeM. B faHHoM cTaThbe nokasaHo, YTo Nporub nepexpbITus
BbI3bIBAET B CTEHE C ABEPHBIM MPOEMOM MOSIBIIEHIE TMaBHbIX PACTATVIBAIOLLIMX HAMPSHKEHWIA, MakCMarbHbIE 3HaYeHNS KOTOPbIX KOHLIEHTPUPYIOTCS B YINOBbIX
30Hax npoema. [ns CHIKEHUS pucka BO3HWKHOBEHWS TPELLWH B CTEHOBOM 3aroNHEHWM MEXY KaMEHHOM KaaKoil 1 OMOpHBIM NEPEKPbITUEM PEKOMEHLYeTCs
ycTpanBaTh pasgenuTensHbIi Crol 13 O[HOMO-ABYX CIOEB NEHOYHOTO MaTepuana. PasgenuTenbHbIii Crol No3BONseT Npu Npormbe NepexkpbITUS UCKIYUTL
repegady Ha CTeHbl Harpyskw, kotopas MoxeT ObiTb 0bycrioBreHa CLenneHneM BbIPaBHMBAIOWENO CrOS pacTBopa C MepeKkpbITUeM. YCTaHOBMEHO, YTO
YBENUYeHne KoaMMLMEHTA TPEHNSI MEXTY CTEHON M NOLAEPKVMBAIOLLMM MEPEKPbITUEM MPUBOAWUT K CHIDKEHMIO TMaBHbIX PaCTAMMBAlOLLME HaMPSKeHUs B
YITIOBO# 30He ABEPHOTO nmpoema. Mo3ToMy npu YCTPOICTBE Pa3fenuTeNbHOMO Cros €70 He PeKOMEH/YETCS BbIMONMHSATb Ha KOHLIEBbIX Y4acTKax 3anofHeHus.
Ha 0CHOBaHMN YWCIEHHBIX UCCNEAO0BaHMIA MOCTPOEHA 3aB1CMMOCTD FTaBHbIX PACTAMMBAIOLLMX HAMPSBKEHMIA B NEPEropoiKe C ABEPHBIM MPOEMOM OT BEMNYMHBI

KoathepMLIMEHTA TPEHUS MEXTY NOBEPXHOCTAMM KaMEHHOM KIaky 11 NOALEpKMBaIOLLIM NEPEKDLITIEM.

KntoueBble cnoBa: kameHHas kragka, No3TaxHO ONepTbIe CTeHbI, NPOrub, NOAAEPKMBAKOLLEE NEPEKPLITHE.

Introduction

Modern frame buildings are erected in a short time. For this reason,
floor-supported wall filling of frames in the form of internal and external
walls is carried out in conditions where significant rheological defor-
mations of reinforced concrete frame elements and uneven settlements of
the foundations are possible. The wall filling of frames, as a rule, is erect-
ed on thin-layer mortar joints with a thickness of 0.5-3 mm. In terms of
their homogeneity, masonry with thin-layer joints approaches monolithic
unreinforced walls, which, from the point of view of crack formation, are
very sensitive to uneven temperature and shrinkage deformations, local
loads, uneven settlements of foundations, dynamic and other influences.
As for floor-supported walls of frame buildings, practice shows that their
cracking is predetermined by the deflections of the reinforced concrete
floor. At the same time, technical solutions for connecting floor-by-floor
supported walls with supporting floors have a significant impact on the
stress-strain state of masonry and its crack resistance.

The nature of cracking in floor-by-floor supported walls during
floor deflection

According to standard technical solutions [1-2], floor-by-floor sup-
ported walls and partitions should rest on the floors through a layer of
M100 leveling cement mortar, and sometimes be fixed to them using tie
elements in the form of reinforcing bars embedded in the masonry and
supporting floor. This constructive solution for connecting the wall fence
with the floor is incorrect, because it limits the deformation of the masonry
in the plane of the wall caused by temperature and humidity influences,
and leads to the transfer of a vertical load to the filling when the support-

ing floor deflects. It should be noted that there is a lack of special re-
search concerning the nature of the load transfer from masonry walls to
floors during their deflection, which led to incorrect decisions in typical
albums of floor-by-floor supported walls [1-2].

After the erection of the wall filling, layers of acoustic insulation and
finished floor screeds are laid on the floor, and the walls are finished.
The increment of constant and variable load, after completing the speci-
fied works, will be approximately 20-25 % of its full value (8075 % of the
total value of constant and variable long-term load is the own weight of
the floor and wall filling). Taking into account the creep of concrete, it can
be assumed that the deflection of the floor after the erection of the walls
will reach 40-50 % of the total deflection caused by the action of constant
and variable long-term load, including the own weight of the floor.
The increment of deflection of hollow floor slabs with a span of more than
6 m can be about 15 mm. For flat beamless slabs of frame buildings, the
flexural rigidity of which is not great, this amount of deflection can be
achieved with slab spans of 4.5-6 m.

When the floor deflects, the maximum values of the main tensile
stresses “01” in masonry walls arise, as a rule, along the border of the con-
tact zone of the masonry with the floor, and their trajectories are directed at
an angle of = 20° to the horizontal mortar joints [3-5]. This is explained by
the fact that the flexural rigidity of the wall in its plane is significantly higher
than the rigidity of the supporting floor and when the supporting floor de-
flects, a redistribution of contact pressure occurs between the wall and the
floor, as a result, tangential and tensile stresses appear in the masonry,
which can lead to the formation of cracks (Figure 1).
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a) — longitudinal crack along the bottom of the wall; b) — an inclined crack along the body of the wall; ¢) - crack in the wall with a doorway
Figure 1 - The nature of the formation of cracks in the walls of a frame-monolithic building

The cracks shown in Figure 1 arose in the cellular concrete filling wall
of the monolithic reinforced concrete frame of a residential building, six
years after its commissioning.

Field examinations of wall filling and experimental and theoretical stud-
ies show that in case of deflection of the supporting floor various mecha-
nisms for the formation of cracks in masonry walls can be realized [6-8].

For solid walls, the length L of which is commensurate with their height
H (L/H < 1.2), the opening of the joint between the wall and the supporting
floor or the formation of a crack along the bottom of the wall, developing
along the body of the masonry, is characteristic (Figures 2a, 2b). An analy-
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sis of the distribution of the main stresses along the plane of the wall indi-
cates that in this case it works according to the arch principle.

As the length of the wall increases, the stresses that arise in it when
the floor deflects increase. In this case, in the support zone of walls with
1.2 <L/H < 2.0, inclined cracks may appear, rising either directly along
the masonry unit or along horizontal and vertical joints of the masonry
(Figure 2c). After the occurrence of inclined cracks, the middle zone of
the wall can still work according to the arched pattern. If L/H > 2.0, then in
addition to inclined cracks, the formation of horizontal and vertical cracks
in the middle zone of the wall is possible (Figure 2d).

b)

a) at L/H < 1.2; b) with cantilever slabs; c) at 1.2 <L/H< 2.0, d) at L/H>2.0
Figure 2 - Nature of crack formation in solid walls [7]

It should be noted that in addition to deflections of the floors, the ap-
pearance of main tensile stresses in the wall enclosure, the trajectories of
which match with the direction of the horizontal mortar joints, is also
caused by shrinkage of the masonry walls and partitions.

If there is a doorway or corridor in the middle zone of the wall, in case
of deflection of the supporting floor, the wall is divided into two parts, the
rotation of which leads to the appearance of cracks shown in Figures 3a,
3b. In walls with a doorway, the maximum principal tensile stresses are
concentrated in the upper corners of the opening, and their trajectories are
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directed at an angle of approximately 45° to the horizontal mortar joints [9].
Calculation analysis shows that when the ratio of the length of the wall to its
height is greater than 1,2 times, the main tensile stresses acting near the
comers of the doorway exceed the tensile strength of the masonry in the
corresponding direction [10]. This leads to the appearance of cracks in the
comners of the opening, which subsequently develop along the trajectory of
the main compressive stresses. The main tensile stresses near the corners
of the doorway reach the tensile strength of the masonry almost immediate-
ly after breaking the contact between the wall and the floor, which is con-
firmed by the results of experimental studies [9, 11]. High values of the main
tensile stresses in the direction of horizontal mortar joints arise in the lower
zone of the above-opening section of the masonry. Tensile stresses also
occur in the contact areas between the wall and the floor, but their values
are significantly lower than in the corner areas of the openings. It should be
noted that the presence of a doorway leads to a decrease in the main ten-
sile stresses arising in the contact zones compared to a solid wall. The
value of the maximum principal tensile stresses in the contact zone in the
wall with the opening is about 5-6 % of the maximum value of contact com-
pressive stresses.

In walls in which the opening is shifted to the edge, the maximum
principal tensile stresses are localized near the corner adjacent to the
long section of the wall. With two doorways, the highest values of the
main tensile stresses occur in the corner zones formed by the sides of the
middle pier and the horizontal edges of the openings. In such walls,
cracks may appear in the middle wall between the openings, developing
along the horizontal joints of the masonry (Figure 3c).

a)

a) - with one doorway; b) - with an opening to the full height;
c) - with two openings
Figure 3 - Nature of crack formation in walls with openings [7]

When designing, it is recommended to avoid placing doorways in the
central zone of the walls. If this cannot be avoided, it is recommended to
arrange openings for the entire height of the wall, followed by filling the
above-opening belt with masonry in such a way that independent defor-
mation of the wall masonry and the above-opening belt is ensured.

Conjugation of floor-by-floor supported walls with a supporting
floor

In foreign construction practice, a separating layer of film material is
usually constructed between the floor and the filling [12-13]. The separat-
ing layer allows you to reduce the friction forces between the masonry
and the floor (Table 1), and in case of deflection of the supporting floor, it
eliminates the transfer of load to the filling, which may be caused by the
adhesion of the leveling mortar layer to the floor.

Table 1 - Friction coefficient «fga» [14-15]

V?;;:;)f Contact between masonry and supporting structure

04-0.6 Two separating layers close to each other (for example,
s polyethylene film)

0,6-0,8 One separation layer

0,8-1,0 Without separating layer, masonry mortar

His technical solution reduces the tensile stresses that arise in the
filling under temperature and humidity influences and deflections of the
supporting floor, which has a beneficial effect on the crack resistance of
masonry [16-17].

The first row of infill masonry is erected on a leveling layer of cement
mortar 10-15 mm thick, laid along the separating layer. Due to the fact
that the support of the filling on the supporting floor is carried out through
the separating layer, the lower edge of the filling is considered as free
supported in the vertical direction and having the ability to move in the
horizontal direction, provided that there is no rigid floor screed on the
supporting floor (Figure 4a). The floor screed, after gaining strength, limits
horizontal movements and rotation of the lower edge of the filling out of
the plane, creating conditions for its rigid pinching. This design solution is
typical for internal filling, when the screed is adjacent to the masonry on
both sides (Figure 4b).

a) b
1 s
A
3 3 = 2
~
4 2 4
s . / / // = e s g // 5

1 — masonry filling, 2 — cement-sand mortar 1:3 (10 mm thick), 3 - sepa-
rating layer of polyethylene film, 4 — reinforced concrete floor, 5 — cement-
sand screed
Figure 4 - Example of pairing an internal wall with a monolithic sup-

porting floor

In domestic construction practice, when constructing the walls of
frame buildings, the installation of separating layers between the lower
edge of the wall and the supporting floor is ignored. According to the
requirements of SN 1.03.01 [18], the first row of masonry walls made of
small blocks must be laid on a belt made of reinforced concrete lintels or
ceramic bricks. This technical solution of connecting the walls with the
supporting floor creates conditions for the formation of cracks in the ma-
sonry. Cracks not only worsen the aesthetic appearance of the walls, but
also have a negative impact on their sound insulation and thermal char-
acteristics, as well as fire resistance and durability [19-22].

To prevent the formation of cracks during the operation of a building for
masonry walls with openings, you can also use local reinforcement of ma-
sonry with meshes made of composite materials in areas of expected crack-
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ing (areas of masonry near the contact zone of the wall with the floor, cor-
ners of door and window openings). Reinforcing meshes should be placed
so that their fiber guides, if possible, match with the trajectory of the main
tensile stresses, which are established by calculation. In addition to compo-
site meshes, steel meshes that comply with the STB EN 845-3 standard
[23] can be used to reinforce walls with openings.

In addition to the reinforcement of masonry, additional measures
should be taken that reduce the risk of cracks in the walls of the building:

— erection of masonry as late as possible after the construction of the
building frame;

— proper storage conditions for masonry products before the erection
of masonry (with protection from weathering by film materials);

- wetting masonry products before erecting masonry.

The influence of the separating layer on the stress-strain state
of walls

Numerical studies show that the magnitude of the friction coefficient
tga between the surfaces of the masonry and the floor significantly affects
the magnitude of the main tensile stresses o7 arising in walls with a
doorway. In this case, the maximum values of g1 are concentrated in the
corner areas of the doorway.

Figure 5 shows the dependence «a1/a1) — tga» at a constant value
of the curvature of the axis of a single-span floor and the ratio of the di-
mensions of the brick partition L/H=2 (010 — the main tensile stresses in
the corner zone of the doorway at tga = 0).

a1l01(0)
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08 \\
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0,6 N
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tga
Figure 5 - Graph of the dependence «a1/01() — tga»

From Figure 5 it follows that an increase in the friction coefficient tga
from 0 (frictionless contact) to « (hard contact) leads to a decrease in the
main tensile stresses o7 in the corner zone of the doorway. When tga
changed from 0 to 1, the values of g7 decreased by approximately 6
times. At the same time, there was a drop in the main tensile stresses
acting in the contact zone. Therefore, when constructing a separating
layer, it is not recommended to perform it at the end sections of the filling.

Conclusion

Based on the above, we can draw the following conclusion:

1. The nature of cracking in floor-supported walls and partitions
during deflection of supporting floors depends on the ratio of the overall
dimensions of walls and partitions, the presence of openings, their loca-
tion, conditions of contact with adjacent structures, strength and defor-
mation characteristics of masonry. Walls with doorways made of auto-
claved cellular concrete blocks are at greatest risk of cracks forming
when in case of deflection of the supporting floor.

2. The building code SN 1.03.01 should include requirements re-
garding the installation of a separating layer of film material between
floor-by-floor supported masonry walls with the supporting floor. The
separating layer allows you to reduce the friction forces between the
masonry and the floor, and in case of deflection of the supporting floor, to
eliminate the transfer of load to the walls, which may be due to the adhe-
sion of the leveling mortar layer to the floor.
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Abstract

The unique building of the National Library of the Republic of Belarus includes not only urban planning, architectural, technological modern
solutions, but also structural ones. One of such modern structural solutions is the use of composite (steel-concrete) structural elements.
The advantages of steel-reinforced concrete structures are manifested in the possibility of placing steel profiles of large cross-sectional area in their
cross-section and protecting them from corrosion and high temperatures with concrete; the use of rigid reinforcement as load-bearing elements or
formwork during their construction. The article presents the results of applying a nonlinear analysis to obtaining of the parameters of the stress-strain
state (normal stresses, strains) at any stage of behavior under loading, including the construction stage, as well as the strength, deformability of
complexly loaded composite elements under the condition of joint operation of rigid steel sections and reinforced concrete. The resolving system of
equations of the nonlinear deformation model includes the conditions of equilibrium of internal forces in the cross-section, the condition of distribution of
relative deformations along the height of the cross-section in accordance with the hypothesis of a flat section, as well as approximations of the
deformation diagrams of concrete and rigid reinforcement in the form of rolled sections under tension-compression. A criterion for assessment the
internal force corresponding to the resistance of a composite steel element, which does not require standardization of the ultimate compressibility of
concrete and allows taking into account a high degree of redistribution of forces between the components in the cross section of the composite steel
element is proposed. The advantages of the nonlinear design method are demonstrated with usage of the examples of calculating composite steel
structures of the building of the National Library of the Republic of Belarus.

Keywords: steel-reinforced concrete structure, nonlinear deformation model, material deformation diagrams, plane section hypothesis, stress-strain
state, concrete shrinkage, stages of work under load, failure criterion.

PACYET CTANEXENE30EETOHHbIX KOHCTPYKLWUN 30AHUS HALIMOHANBLHOW BUBNTMOTEKU PECNYBIIUKU BENAPYCb
0. H. Nazosckum, 1. M. LoxuHa, A. B. Monpasko, T. M. TnyxoBa

Pedepar

YHukanbHoe 3paHue HaumoHaneHon 6ubnuotekn Pecnybnvkv Benapych BkmtovaeT B Cebs He TOMbKO rpapoCTPOWTEMbHbIE, apXUTEKTYPHbIE,
TEXHOMOTNYECKNE COBPEMEHHBIE PELLEHNS, HO U KOHCTPYKLMOHHbIE. OHWM 13 Takux COBPEMEHHBIX KOHCTPYKLMOHHBIX PELLEHUA SBNSETCS NPUMEHEHe
cTanexene3obeToHHbIX KOHCTPYKUMA. MpenmMyLLecTBa CTanexene3obeToHHbIX KOHCTPYKLIA NPOSBNISIOTCH B BO3MOXHOCTM Pa3MELLEHNS! B UX NONEPEYHOM
CEYeHUM  CTamnbHbIX Mpocunen BOMbLLION NMOWa[N CEYEHNS 1 X 3aLMTON MPOTUB KOPPO3WM 1 BLICOKUX TemnepaTyp 6ETOHOM, NCMOMb30BaHUN MPK UX
BO3BEEHWN XECTKOI apMaTypbl B Ka4ECTBE HECYLLNX 3MEMEHTOB v onanybku. B cTaTbe npeAcTaBneHsl pesynbTatbl NPUMEHEHIS HENWHEHOTO pacyeTa
AN OnpedeneHns napameTpoB HanpshkeHHO-4eOPMUPOBAHHOTO COCTOSHUS (HOPMaMbHBIX HaMPshKEHWiA, OTHOCUTENbHBIX AedopMauui) Ha mnobon
cTaguu paboTbl MOA Harpysko, BKIKoYas CTaaMio BO3BEAEHWS, a Takke MPOYHOCTY, AedOPMATMBHOCTM CMOXHO HarpyXeHHbIX CTanexene3o0eToHHbIX
9MEMEHTOB MpU YCNOBWM COBMECTHOWM PaboTbl KECTKMX CTamnbHbIX Mpodunen u xene3obetoHa. Paspellatolias cuctema ypaBHEHUA HenvHENHOM
AedopmaLyIOHHOI MOAENK BKITKOYAET B Ce65 YCMOBIUS PaBHOBECUS BHYTPEHHIX YCUMNIA B NONEPEYHOM CEYEHMH, YCIOBIME pacipeaeneHist OTHOCUTENbHbIX
AechopmaLyii Mo BbICOTE NONEPEYHOr0 CEYEHUs B COOTBETCTBUM C TUNOTE30 NIMOCKOTO CEYEHMS, a Takke anmpokcuMalum auarpavMm AedopMUpoBaHns
OeToHa W XecTKoil apmaTypbl B BWAE MPOKaTHbIX Mpodunelt Mpu pacTskeHun-Cxatun. MpennoXeH KPUTEPUA BbIMMCIIEHWS BHYTPEHHErO YCUnus,
COOTBETCTBYHLLETO MPOYHOCTM CTanexene3o0eToHHOrO SnemMeHTa, He TpebyoLLmii HOPMUPOBAHNS NPEAENBHON CKMMAEMOCTH BETOHa W MO3BONAOLLMA
YUMTbIBaTb BbICOKYIO CTeneHb MepepacripefeneHns YCunuin Mexgy COCTaBnsioWwyMN B MONEPEYHOM CEYEeHWM CTanexene3obeTOHHOMo anemeHTa.
lMpenmMyLiecTBa HENMHEHOTO METOAA pacyeTa NPOLEMOHCTPUPOBAHbI HA MPUMeEPaXx pacyeTa CTanexene3o0eTOHHbIX KOHCTPYKLMIA 3aaHns HaumoHansHom
Bubnuotekn Pecnybnukv Benapyce.

KnioueBble cnoBa: cTanexene3obeToHHas KOHCTPYKUNS, HENWHeilHasi echopMaLoHHas Moaenb, avarpaMmMbl AehOpMUPOBaHUS MaTepnanos,
rMNoTe3a NNOCKUX CEYEHMIA, HanPsHKeHHO-AehOPMMPOBAHHOE COCTOSIHME, Ycaaka 6eToHa, cTaguu paboTbl NOA HArpy3KoiA, KPUTEPHUIA Pa3pYLLEHMS.

Introduction the use of rigid reinforcement as load-bearing elements or formwork dur-

At the present stage of construction industry development, composite
steel structures are widely used in the construction of frame buildings and
structures with heavily loaded elements experiencing a complex stress-
strain state under eccentric compression-tension and bending. The ad-
vantages of composite steel structures are manifested in the possibility of
placing in their cross-section, in addition to steel bar flexible reinforce-
ment, steel profiles (rigid reinforcement) with high physical and mechani-
cal characteristics (compared to concrete) of a large cross-sectional area
and their protection against corrosion and high temperatures by concrete;

ing their construction [1-6].

The joint work of steel elements having a larger contact surface area
with concrete than flexible reinforcement of a round cross-section, with
concrete is ensured by the device of various transverse projections in the
form of rigid anchor stops or flexible stud bolts, reinforcement rods weld-
ed at one end to the profile. This allows to exclude their mutual shift un-
der load up to the ultimate stage of strength of steel-reinforced concrete
elements [7-15].
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Approaches to the design of steel-reinforced concrete elements as a
composite structure have historically evolved from the method of allowa-
ble stresses for a reduced cross-section working elastically (steel struc-
tures) to the method of ultimate forces with plastic behaviour of concrete
(rectangular block of normal stresses in concrete of the compressed
zone) and limited plastic work of steel (reinforced concrete structures).
Further development of the ultimate force method led to the method of
ultimate states, which is used in regulatory and advisory documents on
the calculation of steel-reinforced concrete elements to this day [7-15].

Advances in the development of computer —based design have made
it possible to apply in practice the deformation approach to the calculation
of cross-sections of steel-reinforced concrete elements, which allows
obtaining the parameters of their stress-strain state (SSS) for a cross-
section of any shape, with any distribution of rigid and flexible reinforce-
ment across the cross-section, at any stage of their deformation under
load [16-22], taking into account the actual nonlinearity of the work of
materials in the cross-section, the phenomena of shrinkage and creep of
concrete [23], and the monotonic stage-by-stage loading [24-26).
The proposed deformation approach to the design of composite elements
is based on the usage of material stress-strain diagrams and the linear
distribution of strains in the cross-section (the hypothesis of plain sec-
tions), which is valid for composite elements in the absence of slippage
between rigid steel reinforcement and surrounding concrete [16].

One of the positive examples of the use of composite elements was
the construction of the unique building of the National Library of the Re-
public of Belarus. The building of the National Library consists of two
main volumes: a high-rise book depository building and a 2—4-story stylo-
bate located around it, where the rooms provided for by the library tech-
nology are located. The height of the book depository building is 72.6 m,
and the height of the stylobate is 17.5 m [27]. The book depository itself
begins at the +12.6 m mark. The lobby and the central entrance are lo-
cated in the building up to this mark. The round stylobate building has a
diameter of 167.5 m [28, 29]. The stylobate is separated from the high-
rise book depository by a fireproof monolithic reinforced concrete wall.
The main, most interesting part of the design concept is the high-rise
book depository. It is a volumetric "symmetrical crystal" with the geomet-
ric shape of a rhombicuboctahedron with maximum dimensions of
30 x 60 x 60 m. In the lower inclined part of the structure, additional rod
elements of the external contour are provided, which significantly in-
creased the rigidity and stability of the building. Increased requirements
for the rigidity of the structural scheme of the book depository building, in
addition to the standard ones, are explained by its continuous cladding
with decorative glass.

Additional elements that increase the rigidity and stability of the book
depository building frame are steel-reinforced concrete struts resting on
the support ring and taking the load from the frame columns located be-
tween the reinforced concrete diaphragms. In this case, the vertical com-
ponent of the forces in the inclined steel-reinforced concrete struts is
transferred to additional reinforced concrete columns at the point of sup-
port of the struts along the perimeter of the ring. The use of composite
elements simplified the technology of concreting in suspended formwork
with their negative angle of inclination and the installation of supporting
circles.

The aim of this study is to apply a nonlinear approach based on con-
crete stress-strain diagrams, rigid and flexible reinforcement, taking into
account the loading stages of the steel and reinforced concrete parts of
the element, to the calculation of composite elements of the book deposi-
tory building of the National Library of the Republic of Belarus.
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Figure 1 — Structural diagram of the building of the National Library
of the Republic of Belarus

Nonlinear deformation model (NDM) for composite elements

According to the section method for NDM, the cross-section of a
composite element consisting of concrete, rigid and flexible reinforcement
is considered as a set of elementary areas with uniformly distributed
compression-tensile stresses, the value of which depends on the strain in
the center of gravity of the elementary area according to the material
diagrams. The distribution of strain over the cross-section of the compo-
site element obeys the Bernoulli hypothesis of a plain section.

The design stress-strain diagram of concrete under compression and
tension, establishing the relationship between stresses and strains, is
taken in the form of a parabolic curve with a descending branch, recom-
mended by the European Concrete Committee (ECC-FIP) [30, 31], with-
out limiting its length by deformations under compression in order to ob-
tain a complete redistribution of forces between the components of the
cross-section of the steel-reinforced concrete element.

The design stress-strain diagram of rigid and flexible reinforcement
under compression and tension is taken to be bilinear (Prandtl diagram)
with a limitation of strain of elongation at break. For flexible reinforcement
of class S500, the stress-strain diagram according to [31] is taken with an
inclined branch, the angle of inclination of which depends on the class of
deformability (plasticity) of the reinforcement.

The system of NDM equations in the general case of loading for the
composite cross-section of a element under the action of a longitudinal
force N with eccentricities along the x and y axes relative to the center of
gravity of the element section and bending moments Mx and My has the
form:

20 (X Y DA (e Yo )X = X0) + 20, (60 (X, Y DA (X0 V) (X~ X0) =M, ~N-€o, =0
2. 0(8. (X Y DA (X Yo ) (Ve = Vo) + 204 (Xe Y DA (X, Y)Y — Yo) =M, =N -, =0

D0 (8. (X Y DA (X, Y, ) + D0, (8, (X6, Y DA (X, ) N =0

e (X, Ye) =8, T €, +%<(X° —xo)Jr}{y(yC -Yo)

8s(Xs’ys) =8s,II +82 +% (Xs _XO)+% (ys _yO)
X y
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where o(x, y), (X, y) — normal stresses, strains in an elementary area of
concrete, rigid or flexible reinforcement with coordinates (x, y);

Ac(xc, ye), As(Xs, ys) — cross-sectional area of an elementary area of
concrete, rigid or flexible reinforcement with coordinates (x, y);

(xo, yo) — coordinates of the center of gravity of the cross-section of
the composite concrete element;

1/r, 1/ry — curvature of the longitudinal axis of the composite
concrete element in the plane of the x, y axes, respectively;

Strain €, at the center of gravity of the cross-section of the composite
element is equal to:

. = N . @
© O 2EA+YEA

The influence of longitudinal bending when calculating the
parameters of the stress-strain state (SSS) of an eccentrically
compressed composite element at any stage of its loading, including the
ultimate strength, is produced by the coefficient n according to the

formula [7, 30, 31]:
e, = (Jegyx +65, )-n, )

where N = 1 )
1-N
Ncrit
2
- (El) .
Ncrit :|—2 ’ ©)
0

lo - design effective length of the composite element; (El) - the rigidi-
ty of the composite element at the calculated stage of its deformation.

ng(gs(xs’yS))As (X,¥s)—N, =0

In addition, during concreting of composite structures and hardening
of concrete, shrinkage strains appear, which are restrained by steel sec-
tions with a large contact surface and by the flexible reinforcement. For
the given the high degree of deformation restraint composite elements,
there is a risk of shrinkage cracking. Under the action of shrinkage de-
formations, compression deformations appear in rigid and flexible rein-
forcement, and tensile deformations in concrete.

In order to taking into account the shrinkage strain of concrete during
its hardening at the second stage of design, the cross-section of the
steel-reinforced concrete element is modeled without increasing the ex-
ternal load, compared to the first stage of the initial loading of rigid rein-
forcement. The value of the shrinkage strain of concrete €cs (t, 5) at time t,

220 (B (X YA (Xe Yo )X = X0) + D00 (85 (X Y DA (X5, Yo ) (X = X5) =M, =N, €5, =0
25 (8o (X YDA Ko, YV = Yo) + 206 (s i (X, Y DA (X Y)Ys = Yo) =M, =N, €, =0
DS (8o (X YDA (Xer Vo) + D00 (851 (X, YDA (X, ¥s) =N, =0

g (XY ) =€, +}{X (X, —x0)+}{y (V. —VYo) +e(tt,)

Ban (X0 ¥a) =+ (6 =X0)+ 1 (Vs =Yo) +es(L1)

\/(N o M) +(N-gg, +M, ) O

El=

The criterion for the formation of normal tensile cracks in a composite
element is the achievement by concrete of the extreme tensile strain in
relation to the neutral line of the elementary area. The failure criterion of
the composite element is the maximum value of the internal force from
external effects that the element perceives. The maximum value of the
internal force N(M), at which the process of successive approximations in
the numerical solution of the system of equations (1) converges (the
equilibrium conditions and the condition of strain compatibility are met),
corresponds to the resistance of the composite concrete element. The
advantage of the proposed failure criterion is the absence of the need to
standardize the ultimate compressive strain of concrete and to take into
account the high degree of redistribution of forces between the
components in the cross section of the composite concrete element.

During the construction process, the rigid reinforcement of the com-
posite elements is subject to the effects of its own weight and the weight
of other precast elements supported by rigid sections, monolithic concrete
and flexible reinforcement, and self-weight. This causes the appearance
of an initial stress-strain state in the rigid reinforcement. The stage-by-
stage construction process of composite elements [24-26] in the NDM is
taken into account by summing the strains of each elementary area of the
rigid reinforcement of the calculated cross-section with the strains €s,,
calculated at the first stage from the equations (7):

ZGS(gs(xs’ys))As(xs'ys)(Xs _XO)_MX,| _NI 'eO,x =0
D 04 (8. (X Y DA (X6, Y )V = Yo) —M, =N, -€,, =0

B OeY) =+ B 06 =%)+ 1 (Ve =Yo)

having an age of {s at the time of the start of air-dry curing, is calculated
using in accordance with [31]:

8cs (t’ts) = Scbs (t) + 8cds (t’ts)’ (8>
where €eps (t) —is the base shrinkage strain of concrete;

€eds (t,ts) —is the drying shrinkage strain of concrete.

The system of equations for calculating the stress-strain state pa-
rameters of the composite element at the second stage of the design is
transformed to:
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The strains distribution in the composite element sections obtained at
the second stage of calculation will be the input ones at subsequent stag-
es of its response under load (system of equations (1)).

Calculation of composite concrete elements according to NDM

The composite concrete elements of the book depository building of
the National Library of the Republic of Belarus are: support ring (OK) with
a radius of 27650 mm; inclined elements (H31...H33), supporting, canti-
levering, bordering reinforced concrete floor beams, with a total length of
25400 mm and a calculated length (taking into account bracing along the
length by floor beams) of o= 4240 mm; braces (1K), resting with one end

on the composite concrete ring (OK), and the other on the inclined ele-
ments H3 at the point of their connection with the bordering floor beams
at the 18.600 m mark, with a length of 12100 mm (/o = 6050 mm) (Fig-
ure2). The steel-reinforced concrete element of the support ring experi-
ences tension (+) with bending under the action of assembly forces, its
own weight and internal forces from the acting loads, the other steel-
reinforced concrete elements experience compression (-) with bending.
The calculated forces in the composite elements under consideration at
the time of their concreting (Ni, Mj) and from the calculated values of
design effects of action (N, M) are given in Table 1.

Table 1 - Design values of the internal forces in composite elements
Element Ni, M, ni N, M, n Ny, My Nu
kN kN ‘m kN kN ‘m kN kN ‘m

OK +4250 168 - +5285 280 - +26823 1393 -
H31 1,000 1,001 -2152 1498 1,027
H32 —43 26 1,000 -220 150 1,001 1743 1208 1,026
H33 1,001 1,001 1777 1226 1,018
MK -1364 18 1.000 -3560 21 1,001 -13587 461 2,679

Figure 2 — Composite elements disposition in book depository building

The cross-sections of the considered composite elements with rigid
reinforcement made of rolled and welded profiles are shown in Figure 3.
All steel sections of the composite elements are made of steel C345, with
the exception of inclined elements H31...H33, which are made of steel
C245. Concrete class C25/30 is adopted for concreting all composite
structural elements.

An example of calculating the parameters of the stress-strain state of
the composite element using the proposed method for the support ring
(OK) under the tensile force and bending moment is shown in Figure 4.

The analysis of the calculation results shown that the shrinkage
strain of concrete €cs(t,ts ) = 0.00025 caused the tensile stresses in con-
crete, and compressive stresses in rigid profile reinforcement, partially
damping the tensile stresses from external effects. Under the design load,
there are no flexural cracks in the concrete of the support ring. In the
ultimate limit state, the support ring is loaded under tension with bending,
but only rigid reinforcement, carry out effects of loading.

The strains and stresses distribution along the height of the cross-
section of eccentrically compressed composite steel elements, taking into
account their longitudinal bending, the initial stress-strain state at the time
of concreting and the imposed shrinkage strain of the hardening concrete
in the ultimate strength state, is shown in Figure 5. The results of calculat-
ing the ultimate forces (Mu, Mu) of the composite steel elements under
consideration are given in Table 1.

a 2-500x30 b
S 240520
3 S
o S .
h ™ C40
1940 400
C d e
L. 125x80x10 L 125x80x10 —400x30
N rem— .
of [ zmo g R by g
S : SIS S . -
< —500x10 R g |
Y =) —t10 o
480 365) 135 500
500

a - support ring OK; b — inclined element NE1; ¢ — inclined element NE2; d — inclined element NE3; e — struts PK
Figure 3 — Cross-sections of composite elements with rigid reinforcement
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a (3nopa 0 mopa 1 466

Oamopa 0 niopa 2
C

a— under the action of a tensile longitudinal force N = 4251 kN and a bending moment Msq,= 168 kN- m before concreting; b — the same, with the
same internal forces and forces as a result of concrete shrinkage after its hardening; ¢ — under the ultimate tensile longitudinal force Ny = 26823 kN and
a bending moment Mu = 1393 kN-m (the numbers in red to the right of the cross-section are normal stresses in MPa)

Figure 4 — Results of calculating the distribution of strains and stresses across the cross-section of the composite element of the support ring OK
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a—-H31; b-H32; ¢ - H33; d - MK (numbers in red to the right of the cross-section are normal stresses in MPa)
Figure 5 - Results of calculating the distribution of strains and stresses in the cross-section of compressed-bending composite elements in Ultimate
Limit State (ULS)

The calculation of the maximum values of internal forces (effect of
action) in the composite elements of the National Library of the Republic

of Belarus shows a significant margin of safety when the resistance of the
compressed concrete is taking into account.

Conclusion

Using the example of compressed (tensioned) with bending compo-
site elements of the National Library of the Republic of Belarus, the ap-
plicability of a nonlinear deformation model for calculating their stress-
strain state parameters at the stage of their construction is demonstrated,
taking into account the effect of actions and imposed forces developed by

concrete shrinkage during curing, when working under load, including the
ultimate load.

52

Taking into account concrete shrinkage allows to increase the relia-
bility of calculating the parameters of the stress-strain state of composite
elements and to foresee the possibility of shrinkage cracks appearing at
the stage of their concreting and curing.

The criterion for calculating internal forces corresponding to the re-
sistance of element without the ultimate strain of concrete limiting and
rigid reinforcement under compression makes it possible to take into

account the redistribution of forces in the cross-section between rigid
reinforcement and compressed concrete.
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Abstract

In various time periods, interest to RC structures made of expansive concretes was very different: from admiration after its successful utilization in
the real practice of civil engineering works (for instance, jointless self-stressed and post-tensioned slab-on-ground with dimensions of 144 x 72 m?) to
great criticism and sarcasm when shrinkage cracking appeared after full self-stressing loosing or even self-damaging taking place in case, when
«unbalanced» expansion and strength development were observed.

Nevertheless, the interest to the elements made of self-stressing concrete drastically increased in the last decades. By the way, it is necessary to
mention that in its majority, there are elements with so-called composite reinforcement (bars). In such a bars, the reinforcing fibers are made of glass,
aramid, carbon and etc. However, prediction methods of the restrained strains and self-stresses development are not always characterized by the
accuracy in connection with the self-prestressing is a multifactorial process and, thus, these methods need for clarification and modification in future.

In this paper authors presented short historical review on expansive binders production for self-stressing and shrinkage-compensating concretes,
discussed advantages and disadvantages of the known models for restrained strains and compressive stresses assessment as a result of self-
prestrssing, as well as some own results of the behavior of self-stressed concrete structural elements, reinforced with both steel and glass fibers
reinforced polymer (GFRP) bars on the both expansion (self-prestressing) stage and under the static loading.

Keywords: expansive concrete, self-stressed elements, restrained strains, conservation law of chemical energy, deformation approach.

OLIEHKA CYLLECTBYIOLMX METOAUK PACHETA COBCTBEHHbIX AE®OPMALIUA M CAMOHANPSKEHWA 3NEMEHTOB
13 HANPArAKOLWKWX BETOHOB

B. B. Typ, O. C. CemeHiok, C. M. CemeHtok, B. U. OcbkoBuY

Pedpepar

B pa3snnyHoe Bpemst OTHOLLEHWE K Xene300€TOHHbIM KOHCTPYKLMAM, BbIMOMHEHHBIM 13 PACLUMPSIOLNXCS BETOHOB ObIN0 PasnuyHbIM: OT NPU3HAHMS
MepcnekTUBHOCTM Matepuana mnocrne YyOayHoA peanu3auum psiga OOBEKTOB B peanbHOM  CTPOWTENbHOA MpakTuke (Hanmpumep, OGecluoBHble
CaMOHaNpPsHKEHHbIE MOMbI HA YPYrOM OCHOBAHMM, BbINOITHEHHBIE C MOCTHANPSKEHWEM, pasmepamu 144 x 72 M2) 0 CyLLECTBEHHOM KPUTMKU 1 capka3ma B
OTHOLLIEHUN [JAHHOTO MaTepuana, Koraa B KOHCTPYKUMSX Habniogany obpasoBaHie ycagouHbIX TPELLMH Mocre MONHON noTepy camoHanpskeHus nnubo xe
KOHCTaTUpOBanu CcamopaspyLLeHUe 3MeMeHTa B CryyYae HechanaHCUpOBAHHOTO PasBUTUS AMHAMUKW pacluMpeHnst GETOHA NO OTHOLLEHMIO K AMHaMUKe
Habopa “M MpoYHOCTY.

TeMm He MeHee B nocreHee BpeMs BO3pOC MHTEPEC K SMeMEHTaM U3 HanpsiraioLLero 6eToHa. B 6onbLuei CTeneHu 3TO aNeMeHTbI, BbIMOMHEHHbIE C TaK
Ha3bIBaEMbIM KOMMO3UTHBIM apMUPOBAHNEM, L€ apMUPYIOLLMM 3MIEMEHTOM SIBMSETCS HE apMaTypHas CTamb, BOMOKHA BbIMONHEHHbIE W3 CTEKNa,
apamuga, kapboHa v T. a. OfHako pacyéTHble METOAMKW CBS3aHHBIX fehopmaLmii M CaMOHaNPSHKEHUA B TakuX 3MeMeHTax He BCerda OTNNYaioTcs
TOYHOCTBH) B CBSI3M CMHOTOaKTOPHOCTBIO MpoLiecca v TpebyioT YTOYHEHMS 1 AopaboTku B AanbHERWeM.

B faHHO# cTaTbe aBTOpbI MPEACTaBUMM KOPOTKUI MCTOpPUYECKU 0630p NPOM3BOLCTBA PACLLMPSIOLLMXCS BSKYLLMX 4N CaMOHanpsiratoLux 6ETOHOB 1
OETOHOB C KOMMEHCUPOBAHHON YCafKoW, OBCyounM MpeumyLlecTBa M HEJOCTATKM M3BECTHbIX MOZenei Ans pacyéTta CBs3aHHbIX Aedopmauui u
CKUMAIOLLMX HanpsikeHuii B OeTOHE KaK pesynbTaT CaMOHANpPsKeHWs, a Takke NpeAcTaBunM psp COOCTBEHHbIX pesyrnbTaToB WCCHES0BaHMS
CaMOHaNPSKEHHbIX BETOHHBIX 3NEMEHTOB, apMUPOBAHHBIMU CTaNbHBIMA U KOMMOSUTHBIMI CTEPXHAMW Kak Ha CTaguu CaMmOHanpskeHus (pacLuvpeHvs),
TaK M Ha CTagum CTaTU4ECKUX UCTIbITaHWA.

KntoueBble cnoBa: paclumpsioLLmiicss GeToH, CaMoHaNPsHKEHHbIE ANEMEHTbI, CBA3aHHbIE AechopMaLuK, 3aKOH COXPAHEHUS! XMMUYECKOI SHEprmn
pacLu1peHus, aeopMaLMOHHbIE NOAXOAbI.

Introduction. Historical review on expansive concretes and
binders development

In the recent years a new wave of interest in the research and practi-
cal use of self-stressing concrete has been observed, now, specifically; in
combination with various types of so-called non-traditional reinforcement.
One of the widely used types of these reinforcements is FRP bars and
long fibres (textile) (fibres made of glass, aramid carbon and etc.) [1].
The main problems of FRP reinforcement implementation as a structural
reinforcement are related to the development of excessive deflections as

well as crack opening under service loads. One of the most effective
methods for concrete with FRP reinforcement performance enhancing is
chemical prestressing with self-stressing (expansive) concretes.

Let's consider phenomena of concrete prestressing (chemical or me-
chanical) in general. Prestressing of concrete is a technique in which rein-
forcement is actively tensioned initially to later transfer, after reinforcement
releasing, the stresses into hardened concrete (prestress). Such appeared
compressive stresses in concrete counteracts the tensile stresses that oc-
cur at service stage and, hence, offset the risk of tensile cracking.
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In the case of mechanical pre-tensioning of tendons, the following
disadvantages exist: high needs for time and labor consumption, necessi-
ty of qualified personnel, usage of very expensive prestressing beds with
loading jacks and anchorage systems. As well, traditional prestressing is
feasible for one-directional prestress only. At the same time, the self-
prestressing technology is becoming a viable alternative to traditional

(Asry);

Free shrinkage

prestressing. Self-prestressing (see Figure 1) of concrete members is
based solely on usage the restrained expansion capacity of self-stressing
concrete during hardening to cause pretensioning of the reinforcement.
Usage of self-stressing concrete for gradual prestressing allows to
achieve the required levels of prestressing, as well as to save the major
part of obtained prestress in time.

. A('I:.fi
qFree expansion
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(Asus)-increment of the free shrinkage length;

(Aczy)~increment of the free expansion length;

(A-)-increment of the restrained length from shrinkage/expansion;
(Ac)~increment of the concrete length fron shrinkage/expansion.

a) — plain concrete shrinkage; b)

- self-stressing concrete expansion

Figure 1 — Schematic presentation of the shrinkage and expansion processes

Intensive development of the Portland cement concrete technology in
the last decades allowed to obtain high-performance concrete (HPC) or
even ultra-high performance concrete (UHPC) with a compressive strength
above 120 MPa. Nevertheless, an inadequate ratio of such a concretes
compressive to tensile strength allows to say, that concretes of the new
generation still remain an artificial composite stone materials with a good
performance under compression only in combination with inherent to con-
crete early-age and long-term effects (such as autogenous, plastic and
drying shrinkage deformations, creep deformations, sensitivity to tempera-
ture differences). In its turn this situation unavoidable leads to decreasing of
the serviceability parameters of concrete structures decreasing. For in-
stance, restrained shrinkage and temperature deformations lead to the
additional tensile stresses appearance in the concrete structure causing
cracks (cracks of different sizes can be found almost in every reinforced
concrete structures). Obviously, such cracking of concrete reduces struc-
tural durability in general. Based on the sustainable development strategy,
presented at the fib Symposium 2020 in China defines concrete of the new
generation as a high-durability concrete (HDC). To permit a more efficient
utilization of structural concrete, the search for means of overcoming these
weaknesses had led to mechanical prestressing of steel tendons. By keep-
ing the concrete in compression, cracking is prevented. Considerable ad-
vantage can be derived from concrete expansion under the various types of
restraint and in its turn to induce restrained strains and, respective to them,
compressive pre-stressing of sufficient magnitude to compensate shrinkage
effects (so-called shrinkage-compensating concrete) or to induce compres-
sive stresses of a high enough magnitude, resulting in significant compres-
sion in the concrete after long-term and short-term processes have been
realized in time and in such a way we obtain self-prestressing of concrete.
The above-mentioned problem led to the idea of the physico-chemical (or
sometimes called chemical) method of concrete structures volume pre-
stressing. In 1953 1. Giyon wrote in his monograph: «... In case we will
reach a significant restrained expansion of the concrete, that could provide
an adequate reinforcement pre-tensioning, without doubts, we will get a
principally new method of the beams pre-stressing.

The history of the development of expansive cement development and
application (self-stressing and shrinkage-compensating concretes) counts
about 90 years and it can be said, that it has originated from an investiga-
tion of ettringite in cement. Ettringite crystal (3Ca0-Al203-3CaS04-32H20)
represents by itself a phase, formed in different concrete phases during
hydration of expansive cements, which are the source of the ability for ex-
pansion. It is comparable to the natural mineral of the same name. This

high sulfate calcium sulfoaluminate is also formed by sulfate attack on mor-
tar and concrete (so-called delayed ettringite) and was defined as «cement
bacillas» in elder literature. Candlot reported in 1890s that this product
resulted from reaction of ticalcium aluminate (C3A) with calcium sulfate
(CaSO4). Michaelis in 1892 [2] suggested that ettringite was responsible
for destructive expansion of Portland cement concretes in the presence of
sulfates in ambient conditions.

One of the earliest investigators, recognized the potential of ettringite
in the elimination of shrinkage and possibly of prestress inducing was
Lossier [3]. His works continued more than 20 years, starting in the mid-
dle 1930s, and the cement he had developed was consisted of Portland
cement, an expansive component (grinding gypsum, bauxites, chalk to
slurry burning as the admixture to a clinker) and blast furnace slag.

Russian works, published by professor Mikhajlov in the field of ex-
pansive cements followed two different courses to obtain an expansive
cements for the aims of repairing and/or waterproofing and self-
prestressing. Expansive cement type-M either is a mixture of Portland
cement, calcium aluminate cement and calcium sulfate or an interground
product made with Portland cement clinker, calcium aluminate clinker and
calcium sulfate. In monograph [4], we can find the first formulation of the
solid-state or solid-phase expansion mechanism theory of the concrete
matrix as a fundamental condition of concrete self-prestressing under
restraint and the related to it requirements to the expansive cement com-
positions (for instance, the ratio Al203/SOs in both expansive additive and
expansive concrete itself).

Studies performed by Klein [5] and his associates at the University of
Califoria are based on the formation of a stable anhydrous calcium sul-
foaluminate compound by heat treating a mixture of bauxite, chalk, gypsum
at about 2400F (=1315 °C). While the ingredients were quite similar to
those were used by the Lossier in his cements, the material selection and
clinkering conditions, probably, contributed to the formation of an anhydrous
calcium sulfoaluminate, calcium sulfate and lime. As a result produced
cement could be handled much in the same manner as a regular cement
and adjusted to offset shrinkage and produce large net of expansion.

In recent years some new types of the expansive cement and expan-
sive additives to OPC are proposed on the market of building materials, but
all these materials based on the reacton of the ettringite formation (CSA-
type of additives). It should be mentioned that besides the use of expansive
potential generated by ettringite formation, another type of expansive ad-
mixtures takes use of hydroxide formation. As well, periclase has been
employed in dam construction as the expanding agent in China.
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Models for assessment of the early-age stress-strain state in
self-stressed concrete structures

In this paper, the attention is paid on the most controversial series of
articles [6, 7] dedicated to textile-reinforced self-stressed concrete
(TRSSC), mainly respectively the «Theory of self-stressing distribution
models» and experimental results used for verification of these models.
In recent decades, it was developed various types of reinforcing elements
to replace conventional reinforcing steel (short fibres, various types of
FRP bars). Firstly, let's pay attention on the replacement steel reinforce-
ment by use of continuous fibres or grids that were made from continuous
fibres began in the 1980s. Among experts, this new, innovative composite
building material is known today as textile-reinforced concrete (TRC). In
investigations «self-stressing concrete (SSC) matrix was combined with
textile to form a new composite material, namely, textile-reinforced self-
stressing concrete (TRSSC). In this material, textile functions as expan-
sion confinements to SSC to attain self-stress».

There is no doubts that to extend application of self-stressing con-
crete with any type of reinforcement in the practice of civil engineering the
need for adequate models for assessment of stresses (strains) appeared
in self-prestressed concrete structures is evident. In this paper the au-
thors would like to show some most conservative and as well more com-
plicated and prospective approaches used for stress-strain statement of
self-prestressed structures prediction.

Models based on the conservation law of chemical energy

Finding out the origins of the models based on the conservation law
of chemical energy brought us to the early 1970s. The fundamental for
these models assumption was formulated by the V. Mikhailov and
S. Litver in [4]: «... it was established within numerous investigations that
regardless of the reinforcement areas in the both zones (authorsnote: in

tensile ( Ast ) and in compressive ( Agc ) zones under the loading) of the

section A, and A, ie. when A, # A, self-stressing concrete

of the structure within expansion process accumulate uniformly
distributed through the section depth compressive stresses
(self-stresses)». It can be explained by the fact that tensile forces
in reinforcement in the both of these zones perform the equal work
on the obtained within expansion strains, and, as a result, strains
and forces in the reinforcement of these zones are different, the
cross-section of the structure loses its linearity and the concrete is
precompressed uniformly». On the above-mentioned fundametal
statement was based a number of standards [8] in accordance with
the which it was reported, that: «self-stresses in the concrete are
accepted to be uniformly distributed through the cross-section
depth: resultant of the compressive stresses (self-stresses) is
arranged in the cross-section gravity center» (see Figure 2).
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a) - restrained strains distribution; b) — self-stresses distribution
Figure 2 — Restrained strains and self-stresses distribution in the cross-section of the self-stressing concrete member in accordance with model [4, 8]

Evidently, that an accepted hypothesis essentially simplified assessment
of the self-stresses value as far as for it became unnecessary to know the
value of the concrete restrained strains. It should be noted, that this circum-
stance led to the situation that for a long period of time resultant value of the
free expansion strains to the expansion stabilization point was ignored as a
necessary parameter for calculations. As the main calculation parameters was

accepted to consider fCE,d - reference self-stress of the concrete estab-

lished in the standard restraint conditions to the concrete expansion stabi-
lization, i.e. it is compressive stress in the self-stressing concrete prism
under uniaxial symmetrical restraint with the stiffness equal to 1 % of the

steel cross-sectional reinforcement ratio ( E, = 200 GPa ).

Inspite of the evident simplicity of the models [4, 8], based on the uni-
form self-stresses distribution through the section depth hypothesis, it have

to be mentioned that the hypothesis itself is not applicable at least for the
case of the one-layer cross-sectional reinforcement arrangement: in such a
case it is difficult to state that resultant force in the concrete in compression
is in the concrete section gravity center (applied points mismatching of the
resultant compressive force in concrete and resultant tensile force in the
reinforcement causes appearance of the unbalanced moment in the cross-
section to the concrete expansion stabilization). At the same time, an ob-
tained value of the self-stress in concrete is a result of the elastic compres-
sive strains amount accumulated in concrete to the expansion stabilization.
Thus, in the self-stressed members in the same way like in the traditionally
mechanically prestressed members, after the compression force transfer,
cross-sectional equilibrium conditions have to be satisfied.

To the modified model based as well on the conservation law of chemi-
cal energy is referred model developed by Y. Tsuji [9] (see Figure 3).
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a) — restrained strains distribution; b) — self-stresses distribution
Figure 3 — Restrained strains and self-stresses distribution in the cross-section of the self-stressing concrete member with multi-layer reinforcement
arrangement in accordance with model [9]
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This model is more complex in comparison with the above-prescribed
model [4, 8], as far as apart of the fundamental hyphothesis of conserva-
tion law of chemical energy it takes into account cross-section equilibrium
conditions. The model is based on the following approaches: a) to the
expansion stabilization restrained concrete strains are distributed linear
throughout the cross-section depth (plain cross-section hypothesis is

valid); b) the amount of work UCE, that expansive concrete performs

against restraint per unit volume, is a constant value regardless of the
degree of restraint; c) self-stressing concrete and restraint compatibility of
strains are respected throughout the expansion stage.

The same like in [9] fCE’d value is an «energeticy» parameter that
represents self-stress in concrete reached in standard restraint condi-
tions, in [9] self-stressing concrete work amount UCE (that is estab-
lished in the same standard restraint conditions: centrally uniaxially ar-
ranged steel (E, =200 GPa) restraint in the concrete cross-

section with reinforcement ratio Ps= 1% ) as well is an «energetic»
parameter that is established in accordance with the following equation:

O &
UCE — CE2 CE, (1)

where O~ and & - self-stress and respective to it concrete re-

strained strains respectively established in strandard restraint conditions
( Es =200 GPa, Dis =1% ) to the expansion stabilization.

In the article [10] disadvantages of the model [4, 8, 9] were found out
on the basis of the numerical studies and described in details.

Summarizing all of the above-stated models based on the conservation
law of chemical energy, it is possible to make following conclusions: any
models based on predescribed hypothesis have a pretty tight diapason
when they are applicable, in the other cases calculation results contradict
the experimental values or, even, don’'t demonstrate a physical sense in
general. Moreover, it is necessary to underline, that these models are valid
only when as a free expansion strains restriction steel reinforcement is
acting. It can be explained by the fact that reference energetic parameters

in these models (such as fCE'd in [4, 8] and UCE in [9]) are estab-

lished in conditions when steel reinforcement is acting as a restraint.
The models [4, 8, 9] are not applicable when, as a restraint, reinforce-
ment with the different from steel elasticity modulus is utilized. It is con-
nected with the fact, that these models don't take into account reinforce-
ment properties itself such as stresses relaxation, development of which
one is different for materials with not the same elasticity modulus.

Models based on the deformation approach

In the recent years a numerous of international publications [11] are
devoted to the description of the self-stressing concrete expansion process
with the deformation models. These models are universal as far as with it
application it is possible to describe a physical side of the expansion pro-
cess and to take into account a wide range of factors influenced on the
kinetics of the self-stressing concrete expansion (the factors such as con-
tinuously changing at the self-stressing stage ratio between axial stiffness of
the early-age concrete and of the restraint, as well as creep of early-age
concrete), i.e. it allows to take into account continuous redistribution of the
internal forces in the member cross-section as a result of non-elastic prop-
erties of the self-stressing concrete at early-age. Moreover, deformation
models are able not only to describe expansion processes, but they can be
easily extended on the following after expansion long-term processes
(shrinkage, long-term creep) and its consideration allows to extract a num-
ber of self-stressing parameters (self-stresses, concrete restrained strains,
accumulated in concrete elastic strains) to the any time-point of the expan-
sion process (not only to the expansion stabilization).

In general case deformation models are based on the consideration
of the following basic equation:

dece ¢ =de, +de  +de, ), )

cel
where dgCE’f — increment of the self-stressing concrete free expan-
sion strains;

d &, —increment of the self-stressing concrete restrained strains on
the depth of the restraint;

d&‘c’el and dg, |, - increment of the self-stressing concrete

elastic and plastic strains respectively.
All of the known modifications of the deformation models are consist-
ed in the consideration of the basic equation (2) on the elementary time-

steps A'[i , where the increment of the self-stressing concrete free ex-

pansion strains takes place on the background of the non-stopped devel-
opment of the materials physico-mechanical properties at early-age,

including creep. From the equation (2) it is possible to find out d &, on

the elementary time-step Ati . Detailed description of the deformation

models are presented in [11].
It should be mentioned, that in contrast to the models based on the
conservation law of chemical energy, where reference concrete charac-

teristics ( T ,U are established in the uniaxial standard restraint
CE.d '~ CE

conditions, in deformation models self-stressing concrete free expansion
(shrinkage) strains temporal progress (in such a models it is essential not
only concrete free expansion (shrinkage) strains value to the expansion
stabilization, but kinetics of its development) are considered as a basic
concrete characteristic. To the input data for deformation models an ap-
propriate early-age concrete creep function and function of the early-age
concrete elasticity modulus development are referred as well.

Calculation results of the concrete restrained strained in accordance
with the general concept of the deformation models demonstrate a good
fit with experimental data [11]. It should be stated that that verification of
the deformation models was performed, mostly, for concretes with free
expansion strains to stabilization not higher than 0,05% and expansion
stabilization was observed to the end of the first week of concrete age.
Thus, such an expansive concrete can be referred to the shrinkage-
compensating. Nevertheless, verification of the basic deformation model
for the case of structural members made of self-stressing concrete (with
high expansion energy capacity: concrete free expansion strains to the
stabilization are higher than 0,2%, reference self-stress value to the ex-
pansion stabilization is about 3 MPa and expansion stabilization is ob-
served on the 14 days or more of concrete age) doesn’'t demonstrate so
good fit of the calculated and predicted by the model restrained strains
value as for members made of shrinkage-compensating concretes. In-
creasing of the experimental and predicted values mismatching (predict-
ed values become sufficiently higher those, established experimentally)
increases with the concrete age increasing and with the increasing of the
cross-section reinforcement ratio. In [12] one essential circumstance was
noted: with the cross-section reinforcement ratio increasing, the higher
part of the free expansion energy of concrete is spent on the elastic and
early-age creep deforming of the composite itself. Besides, as it was
suggested by the authors of this article [12], utilizing of the high expan-
sion energy capacity concrete allows to deform restraint and the forces
increment in the restraint reinforcement is acting as an additional re-
striction for the further reinforcement stretching and as well for further
restrained concrete strains development. Thus, modification of the basic
deformation model for the assessment of the accumulated restrained
strains in the high expansion energy capacity self-stressing concrete
members is necessary. Suggested by the authors modified strains devel-
opment model (MSDM) was developed and verified for the uniaxially
reinforced self-stressing concrete members with different reinforcement
types (steel, FRP bars) and it is described in details in [12].

As well, it is necessary to point attention, that in the last years artifi-
cial neural network (ANN) and fuzzy inference system model (FIS) for
predicting free expansion have been developed [13].
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Discussion

All of the listed above models proposed for assessment early age re-
strained strains and/or self-stresses in the self-prestressed concrete ele-
ments are based on the following fundamental assumptions: (1) self-
stressing is the specific type of the pre-stressing, in which the tensile
force in the tendons and equal resultant compression force in concrete
are induced gradually in time as a result of the work that self-stressing
concrete performs against restraint; (2) expansive strains are linearly
distributed in the direction of cross-sectional height (plain section hypoth-
esis is valid). In the first approximation, the cases considered are those
when misalignments are not produced at the respective boundaries be-
tween expansive concrete and reinforcing bars. Based on the assumption
that self-stresses in concrete are considered as the product of the elastic
strains and modulus of elasticity Ecm(t), at the state of stabilization of the
expansion stresses are distributed linearly too.

On the other hand, the distribution of the stresses in the cross-
section can be calculated as well as for the mechanically pre-stressed

middle cross-section

\
\

middle cross-section

structure. Here, the resultant force in restraint is considered as a pre-
stressing force.

Anyway, in some articles [6, 7] we can read following statement:
“Self-stress is distributed along the fiber bundle in the textile and exhibits
similar effect to that of mechanical pre-stress.” This statement complies
with assumptions adopted in the models listed above and considered
TRSSC element as the pre-stressed element, but the following model
assumptions about stresses distributions look strange and speculative
and require comments.

According to [6, 7] analysis of cracking load is based on the following
three assumptions:

a. The beam is in elastic stage and conforms to the assumption of
small deformation before cracking.

b. The relative displacement between matrix and the woven fabric
is ignored.

c. The self-stress value was distributed identically within
range of 5mm above and below the textile (see Figure 4).

middle cross-section

[

stress caused by load

self-stress caused by
matrix expansion

stress caused by load
and matrix expansion

Figure 4 - Stress distribution in TRSSC beam section according to [6, 7]

Analysis of presented assumptions (mainly assumption c) and Fig-
ure 4 initiates following questions:

(1) Why self-stresses are distributed uniformly at the local area lim-
ited within the range of 5 mm above and below the textile? (Why is it not
5,5 mm; 7 mm; 5,6 mm...? What is the influence of bundle area? What is
the scientific background of this range?);

(2) Does for a such new composites plain section law at the stage of
expansion is not valid and does it mean, that authors observed in test
deplanation of the section?

(3) If self-stresses concentrate within a limited range above and be-
low textile reinforcement, could we say, that the rest part of section is free
from self-stressing?

Experimental studies of self-stressed element reinforced with FRP

Let's consider the results of the research work [14], in which we used
self-stressing concrete for beam elements reinforced with FRP bars. In [14],
the possibility of applying self-stressing concrete to increase FRP rein-
forcement's effectiveness, mainly increasing crack resistance and flexural
stiffness (satisfying the serviceability limit state requirements) was studied.
We adopted the following work hypothesis: expanding of self-stressing
concrete in restraint conditions developed by FRP bars induces tensile
force in restraint and compression forces (self-stresses) in concrete.
The relatively low axial stiffness of FRP bars allows sufficient restrained
strains that cannot fully be compensated for shrinkage development.

Experimental studies [14] were carried out on two series of self-
stressed concrete beams with different type of reinforcing bars. Experi-
mental beams cross-section geometry with reinforcement areas and
arrangement are shown in Figure 5.

Expansive cement composition was consisted of 3 components in
the following proportions (by weight): Ordinary Portland cement (CEMI-
42,5N) — 71 %; metakaolin — 14 %; gypsum (CaSO42H20) - 15 %.
The main mechanical characteristics of the hardened expansive cement
are presented in Table 1.

Self-stressed beams of the both series were made of self-stressing
concrete with characteristics presented in Table 2.
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a) - self-stressed beams of the series | (I-BECS-(1...4): Asc= 25,1 mm?
(2@4); Ast= 157,0 mm2 (2010)); b) — self-stressed beams of the series I
(I-BECF-(1,2): Atpc = 13,7 mm?2 (1@4); Ampt = 143,5 mm? (2010);
Afp2 = 143,5 mm? (2810); II-BECF-(3): Arpec= 13,7 mm? (134);
Ampt1 = 143,5 mm2 (2010); Az = 330,5 mm? (2014))

Figure 5 — Experimental beams cross-section geometry with reinforce-
ment areas and arrangement [14]

Table 1 — Expansive cement characteristics

Expansion Strength
free expansion ;Z{E;?Pecsi flexural compressive
strain ¢, % forq. MPa frex, MPa fom, MPa
1,21 5.9 55 50,8

Notes: 1. Expansion and strength characteristics were established at the
28 days age of the mortar bars hardened in the unrestrained conditions.
2. Reference self-stress, fceq, was established in standard restraint con-
ditions:

p1=1% and Es= 200 GPa.
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Table 2 — Average values of the self-stressing concrete characteristics

Expansion characteristics
at the concrete expansion Mechanical characteristics
@ stabilization
2
[ .
o | free expan- reference compressive modulus
sion strain self-stress strength of elasticity
cef, % fceqd, MPa fem 28, MPa Ecms, GPa
| 0,47 24 33,2 25,3
I 0,55 28 37,8 25,7

Notes: 1. Free expansion strain, cef, was established on the unre-
strained specimens;

2. Reference self-stress, fceq, was established in the standard restraint
conditions:

0= 1% and Es= 200 GPa;

3. Modulus of elasticity was established on the cylindrical specimens
(@ =150 mm, h = 300 mm).

Steel and FRP reinforcing bars characteristics are listed in Table 3
and Table 4.

Table 3 — Average values of the mechanical characteristics of steel
reinforcing bars (experimental values)

Nominal diameter, Yield stress fym, Modulus of elasticity Esm,
mm MPa GPa
4 573,2
, 200,
10 625,7 100

Table 4 - Average values of the mechanical characteristics of FRP
reinforcing bars (experimental values)

It should be pointed that for the members pre-stressed with FRP reinforc-
ing bars in accordance with [15], initial values of the pre-stress should be
limited by the 24 % from the ultimate tensile strength.

Beams initial restrained expansion curvature values obtained on the
basis of measured restrained strains and measures deflections varied in
the diapason (1,16-1,82)10° mm* and (3,7-4,1) mm respectively.
These values of the initial restrained expansion curvature of the beams
got at the self-stressing stage should be considered because two devel-
oped in time superposed basic processes: (1) on the one hand-self-
stressing concrete expansion in asymmetrical restraint conditions and (2)
on the other hand-concrete elastic compressive strains accumulating
under monotonically increasing in time restraint reaction. It should be
pointed that plane section hypothesis was valid for all tested beams.
The so-called beam initial «elastic» curvature (that is determined from the
accumulated concrete elastic compressive strains distribution) only have
an influence on the self-stressed member behaviour under the applied
static load in terms of traditional decompression. In contrast with tradi-
tional pre-stressed members, in the self-stressed members the values of
the beam initial «elastic» curvature is not possible to establish based on
the direct strains measurement, but it can be obtained under the pro-
posed MSDM concept [12].

After the self-stressing concrete expansion stabilization was reached,
self-stressed beams were tested with monotonically increasing load by
means of two concentrated forces applied at the 1/3 and 2/3 points of the
1200 mm span. The main aim of the static loading consisted in the inves-
tigation of the influence of the achieved initial stress-strain state obtained
to the self-stressing concrete expansion stabilization on the behavior of
the tested beams under the load.

The moment-curvature and moment-deflection curves for specimens
of series | and series Il are shown in Figure 6.

Test results obtained within loading of the self-stressed beams are
listed in Table 6 and Table 7.

Table 6 - Failure modes and experimental value of cracking and ul-
timate loads obtained within self-stressed beams testing

Nommal Type of Modullu.s of Tensile Ultimate tensile
diameter, fibers elasticity strength strain £rom %
mm Efrpm, GPa ffrpm, MPa frpm, 70
5 Basalt 51,5 1262 2,45
10 Glass
452 1027 2,27
14 Glass

Experimental values of the restrained strains and self-stresses in
concrete on the depth of the cross-section gravity center immediately
before static loading are listed in the Table 5.

Table 5 — Experimental values of restrained strains and self-stresses
immediately before static loading

Unit code Restrained strains, [%)] Self-stress

S(Aece)i | I(Aecem)i | E(Decep)i | 9CE [MPa]
[-BECS-(1) 0,342 - 0,128 2,69
I-BECS-(2) 0,372 - 0,144 2,95
I-BECS-(3) 0,443 - 0,144 3,00
[-BECS-(4) 0,499 - 0,154 3,46
[I-BECF-(1) 0,481 0,330 0,269 1,78
[I-BECF-(2) 0,556 0,365 0,276 1,92
[I-BECF-(3) 0,429 0,267 0,197 2,10

As shown in Table 5, in all the tested beams, the initial value of self-
stresses was got in the range from 1,8 to 3,5 MPa depending on the
reinforcing bars' type, area, and arrangement. Reached pre-tensioning in
reinforcing bars were at average 46 % from yield strain and 14 % from
ultimate tensile strain for steel and FRP reinforcing bars respectively.

. Cracking load Ultimate load (force) Failure
Unit code (force) Perc, kN Put, KN mode
(Mere, kN-m) (Mut, KN-m)
[-BECS-(1) 34 (6,8) 108 (21,6)
I-BECS-(2) 37,3 (6,5) 120 (21,0) B>
I-BECS-(3) 39,5(6,9) 120 (21,0)
[-BECS-(4) 46,6 (8,2) 125,4 (22,0)
[I-BECF-(1) 40,5 (8,1) 150 (30,0)
[I-BECF-(2) 435(8,7) 130 (26,0) «Shy
[I-BECF-(3) 39,0(7,8) 150 (30,0)
Note — «B» — flexural failure mode; «Sh» — shear failure mode.

Table 7 - Experimental values of the deflection and crack width ob-

tained within self-stressed beams testin

Unit code Deflection a, mm | Crack width (Wmax/Wm), mm
[-BECS-(1) 2,3 0,1/0,1
I-BECS-(2) 2,7 0,15/0,07
[-BECS-(3) 29 0,1/0,09
[-BECS-(4) 32 0,1/0,1
[I-BECF-(1) 49 0,7/0,59
[I-BECF-(2) 46 0,6/0,38
[I-BECF-(3) 46 0,6/0,47

Note — In the table values of deflections, maximum and average

crack width correspond to the loading rate of =0,6-Pur, where Put —

ultimate load.
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Figure 6 — Relations «M-¢» and «M-a» obtained on the static loading stage

For beams of series | and series Il the first cracks occurred in the
pure bending region at the load of 44 kN (7,1 kN-m) and 41 kN
(8,2 kN-m) on average, respectively. After that in case of FRP reinforced
beams, the slope of moment-curvature (moment-deflection) curves
showed considerable drop and it was kept almost constant up to failure,
as it is shown in Figure 3. In case of steel reinforced beams, three char-
acteristic branch sections with different slopes was observed: the first
branch section - up to cracking; the second branch section — from crack-
ing and up to reinforcing steel yielding; the third branch section — from
reinforcing steel yielding and up to the failure (see Figure 3). With in-
creasing of the bending moment up to 24 kN'm, in the FRP reinforced
beams, multiple inclined flexural shear cracks occurred outside the pure
bending region and extended to a distance approximately 20 mm from
the top surface of the beam. When applied load reached 143,3 kN
(28,7 kN-m) at average, diagonal tension flexural shear failure mode was
reached, but to this time FRP reinforcing bars didn’t reach its ultimate
tensile strains (in accordance with test results: enm = 0,933 %). Taking

into account that FRP reinforced self-stressed beams reinforcement ratio
was equal to 1,6 % and 2,1 % for II-BECF-(1,2) and II-BECF-(3) respec-
tively, that is considerably higher of the both balanced reinforcement ratio
(ovai = 0,3 %) and recommended reinforcement ratio 1,4+ ppar = 0,42 %.
For the real reinforcement ratio of the tested beams, expected failure
mode is due to crushing of the concrete in compression, but an observed
failure mode had changed on the flexural shear without crushing of the
concrete in compression. Moreover, registered within testing value of the
ultimate moment was at average in 2 times higher than predicted value of
the ultimate moment in accordance with [16] and based on the mean and
established in tests values of the materials characteristics. In opposite to
the FRP reinforced beams, failure mode and value of the ultimate load for
steel reinforced self-stressed beams of series | was the same as it was
predicted in accordance with [16] (ratio between predicted and estab-
lished within loading ultimate bending moments was equal to 0,90).

Characteristic modes of failure and crack patterns for beams of the
both series | and series Il are shown in the Figure 7.

a)
1-BECS-(1)
P 100 kN
. -
2 ' rs
b)
e e -AAF2MISI TY SO0 O E 31 T
| A RN ) g
| SRR R R S '
H-BLCE-(1 o ) 0823580,
P ' .
- J: = Fi ?' I
a) — self-stressed beams of the series |; b) — self-stressed beams of the series Il
Figure 7 — General view of the beam crack patterns after test
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Based on the analysis of the obtained experimental results, it can be
stated, that initial early age stress-strain state obtained on the expansion
stage influenced on the beams behavior during loading. It was observed
that for the both series | and series |l self-stressed beams cracking load
was near 30 % from the ultimate load (see Table 6). Flexural cracks de-
velopment through the concrete cross-section depth was following: arised
flexural cracks extended on the average depth about 180 mm and
195 mm (=75 % from cross-section depth) for series | and series Il
beams respectively and saved this position almost up to the failure on the
background of the gradually increasing cracks number and its opening.
This effect is explained that in the self-stressed structures initial compres-
sive stresses are saved in concrete under the crack. An observed cracks
patterns in the member tensile zone (see Figure 7) with an average dis-
tance between cracks 60£15 mm indicated about practically uniform
distribution of the stresses longwise reinforcing bars in tension, that is
inherent for pre-stressed structures.

To analyze results obtained within static loading of the self-stressed
beams with non-symmetric both FRP and steel reinforcement arrange-
ment the «M-rx» diagram was proposed (where M is a bending moment;
&nx is a longitudinal tensile strain from the loading on depth of gravity
center of the reinforcement in tension). The general view of the diagram
is presented in the Figure 8.

M A AM
«M'-¢’_»-beam behaviour
after decompression

3
Cr
B --"'!’ """" /f}. ______
2 CB,.,V\, %o
= ry 1-concrete decompression;
_ 2-steel/FRP reinforcement;
= 3-applied load;
4-concrete in tension.
o B 8%
E’u
A' - —E ot ’E(AECEJ]\'
G N | | ¢ Fise..
=CHE R Y]

CE BT

—F

Y .

Figure 8 — Diagram for analysis of the initial stress-strain state influence
on the behaviour  under the loading of the non-symmetrically reinforced
beams

Before load applying, in the beam cross-section balanced internal
forces, obtained within self-stressing concrete expansion, are acting (see

Figure 8: OceA=OceA’, Mz = M, ). Moments from the intemal forc-

es, accumulated to the end of the self-stressing stage, respectively con-
crete cross-section gravity center can be determined with respect to the
value of the fixed restrained strains in reinforcement:

I\/ICE = Mr =2Frj,tot'erj,o’ (3)
j=1

where M cg and M . are the balanced moments from self-stressing;
erj ,0
respectively concrete cross-section gravity center;

— eccentricity of the force in the j-th restraint reinforcement line

F

rj,tot
on the self-stressing stage to the concrete expansion stabilization, that is
determined as follows:

l:rj,tot = grj (ttot ) Er ) AY’ 4)

where & (ttot) — strain in the j-th restraint reinforcement line, accu-

— force in the j-th restraint reinforcement line, accumulated

mulated on the self-stressing stage to the concrete expansion stabiliza-
tion, calculated in accordance with MSDM model [12];

Er, A — modulus of elasticity and area of the restraint reinforce-

ment respectively.

After applying and further monotonically increasing of the load, re-
ducing of the initial concrete cross-section pre-compression, obtained on
the self-stressing stage, was observed. Besides, up to decompression
point B" (see diagram in the Figure 8), cross-sectional tensile force is
sustained by the reinforcement only (like it is in the traditional pre-
stressed structures, line AB). Increment of the strains in reinforcement
and increment of the bending moment, sustained by the reinforcement,
before concrete decompression point B is characterized by the AB line
on the diagram in the Figure 6. At the same time, reducing of the con-
crete initial compressive stresses corresponds to the internal moment
changing along the A'B" line. At the point B (see Figure 8) concrete initial
elastic compressive strains on the depth of gravity center of the rein-
forcement in tension reduces to 0 (so-called decompression stage). At
the point B, line AB has the common point with the line OceB, character-
ized changing of the bending moment from the externally applied load.
Within further loading after decompression point B”, behavior of the self-
stressed member is the same like behavior of the conventional RC-beam

without any initial pre-stressing (part of the diagram in the «M=& rtx

axises). At this loading stage, a tensile force in concrete cross-section is
sustained together by the concrete in tension and reinforcement right up
to the flexural cracks appearing. Flexural cracks appear when tensile

strains in concrete exceeds its ultimate values &, (see diagram in

«M- & , » axises in the Figure 8).

Thus, to the flexural cracks formation, the total strains respect to
cracking &rcrc On the depth of reinforcement gravity center, is considered
as a sum of decompression starins &qec and ultimate concrete tensile
strains &ctu.

Resultant value of the cumulative concrete elastic strains

EcE ol (ts| ) that corresponds to the decompression strains &, at
the static loading should be calculated as follows:

t)-E.. (L
gdec — SCE,el (tsl ) — gCE,eItot (El) c,aw( |) , (5)
cm,sl

where ECE eltot (ti ) - concrete elastic strains accumulated to the end

of the expansion stage and saved in structural memeber immediately
before loading. It have to be calculated in accordance with proposed
MSDM model [12];

Ec,aw (t i ) — «average-weighted» expansive concrete modulus of
elasticity, calculation procedure of it is presented in detail in [12];

E

ti — age of concrete immediately before static loading.

Considering that decompression strains are a parameter that allows
assessing the effectiveness of the initial self-stressing and to predict its
further influence on the crack behaviour of the beams, this parameter
(€dec) was got from experimental results analysis with diagram «M-grx »
using and compared with the total tensile strains immediately before
cracking measured on the depth of the reinforcement gravity centre

em.sl — concrete modulus of elasticity to the static loading time;
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& This analysis of the self-stressing effectiveness was based on

rt,crc *

the assessment of the ratio between decompression strains ( € e oy, )

and total tensile strains ( & , that is presented in Table 8.

rt,cre )

Table 8 — Experimental values of the concrete tensile strains on the
depth of the reinforcement gravity center

Unit code Edec.exp 1 %o Ererc » %o (2)(3)
(1) 2) ©) “)
I-BECS-(1) 0,189 0,528 0,36
I-BECS-(2) 0,241 0,542 0,44
I-BECS-(3) 0,229 0,533 0,43
I-BECS-(4) 0,312 0,658 0,47
II-BECF-(1) 0,091 0,494 0,18
[I-BECF-(2) 0,095 0,480 0,20
[I-BECF-(3) 0,101 0,490 0,21

As it is shown in Table 8, from experimental research [14] this ratio
was at average 0,43 and 0,20 for self-stressed beams of the series | and
series |l respectively.

For effectiveness of the FRP reinforcing bars application in the pre-
stressed (self-stressed) structures, «M-erx» diagram was utilized (see
Figure 8). It was assessed from the experimental results, that before
loading in the beams of Series | and Series Il almost equal values of the
moments created by the pre-compression forces was obtained (was at
average 3 kN'm). Therefore decompression strains in case of FRP bars
using were less approximately in two times in comparison with decom-
pression strains registered in self-stressed beams with steel reinforce-
ment (see Table 8). It was stated, that up to decompression point, result-
ant force in tensile zone of the cross-section is sustained by the reinforc-
ing bars only (at this stage concrete is under the initial compressive
stresses). Taking into account that steel and FRP bars are characterized
by the different values of modulus of elasticity (FRP bars modulus of
elasticity Empm = 45,2 GPa, that was close to the concrete modulus of
elasticity Ecm = 25,7 GPa), a different values of the moment increment
was observed for the same levels of the longitudinal tensile strains in
reinforcement (in case of FRP reinforcement, such increments were suffi-
ciently less). To obtain equal values of the moment increments in case of
FRP and steel bars utilizing, required area of FRP reinforcement have to
be increased considerably and can be found based on the optimization
procedure (it consists in the assessment of the FRP reinforcement axial
stiffness, that is necessary to provide desired values of the moment in-
crements within decompression stage as well as initial self-stresses at the
expansion stage).

Nevertheless, it should be pointed that obtained self-stressing parame-
ters in the members reinforced with FRP bars not only lead to the cracking
moment increasing, but change series Il self-stressed beams post-cracking
behavior. A number of cracks, comparable with cracks number in series |
self-stressed beams with steel reinforcing bars was observed (N = 9 and
N = 12 at average respectively), and maximum flexural crack width was not
exceed 0,6 mm under the loading rate near 0,6 Put.

Conclusions

1. A self-stressed structure is a prestressed structure, in which we
create the tension of the reinforcement by the work that self-stressing
concrete performed against restraint at the expansion stage [17]. Result-
ant pre-stressing force transfers from tendons to expanding concrete by
the bond or anchorage and depends on the degree of restraint. The cas-
es considered are those when misalignments are not produced at the
respective contact surface between expansive concrete and reinforcing
bars [18].

2. Independently from the type of restraint (steel bars or FRP bars)
transferring of the chemical pre-stressing force to self-stressing concrete
is realized like for traditional pre-stressed structure [19]. At all stages of
the self-stressing expansive strains are linearly distributed in the direction

of the cross-sectional height [20]. Considering that self-stresses distribu-
tion is related to the restrained strain distribution It is difficult to imagine
why such local stress distribution was adopted by some authors as a
basic assumption in the «theory of self-stressing distribution model» [7]
and repeated in a more controversial form as an assumption to «calcula-
tion model of cracking load and deflection of textile reinforced self-
stressing concrete» [6].

3. Self-stressing is related to the elastic part of deformations only. Al
rules applied to the design of the pre-stressed structures (for checking of
the serviceability limit states) are valid for self-stressed structures rein-
forced with FRP [21]. In such a case, why do we have to apply the finite
difference method for the calculation of cracking load and deflection of
TRSSC beams? According to the modern crack resistance theory crack-
ing load depends mainly on the ultimate tensile strain of concrete (no
tensile strength). Based on the obtained test results by the authors, it is
possible to make a conclusion, that «the comparison of calculated and
test values indicates an error of less than 30%, which is consistent with
each other, thus verifying the applicability of calculation method». It is a
very optimistic statement!

The following conclusion is optimistic too: «self-stress can significant-
ly improve the cracking resistance of TRSSC beams. Although the tensile
strength of the matrix of TRSSC is 26% lower than that TCR, the cracking
loads of the TRSSC beam are increased by 33% and 30%». In first, in the
experiment self-stressing cement grade 4,0 (self-stress in standard condi-
tion is equal to foem = 4,0 MPa) was used. Matrix specimens were cured
before tensile testing in non-restrained conditions. In such conditions
unbalanced expansion of the active self-stressing cement matrix, leads to
self-damaging of the own material structure and decreasing of the tensile
(and compressive) strength. Testing these specimens after curing in the
restrained conditions (like it was in tested prisms) will get higher values of
the tensile strength. Now it is difficult to assess what is the value of ten-
sile strength we have to account for when we want to verify the proposed
crack resistance model. Moreover, experimental results presented in [6,
7] are very unclear and non-representative (for instance, the same mix
proportions for matrix type NC and SSC; dimensions of the reinforced
TRSSC beams (prisms 100 x 100 x 400 mm for testing so sensitive pa-
rameter as crack resistance); measurement (with unknown error) of the
longitudinal deformations with the usage of the laser rangefinder only at
the level of the layer of textile; curing under standard conditions, etc.)

Influence of the initial self-stressing on the concrete member behav-
ior under the monotonically increasing loading was studied with the pro-
posed diagram method. Obtained within self-stressing concrete expan-
sion stress-strain state in the both steel and FRP reinforced self-stressed
beams positively influenced on these member behavior under the applied
load. Nevertheless, considerable difference in the behavior of the self-
stressed beams with steel and FRP reinforcement was observed, espe-
cially up to decompression point. For FRP reinforcement effective utiliz-
ing, optimization procedure based on the joint consideration of the pro-
posed both MSDM [12] and diagram method have to be applied for cer-
tain design case.
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Abstract

The problem of determining reliable characteristics of soils necessary for the design of foundations of buildings and structures is important and
urgent. The main parameters determining the mechanical properties of soils are their strength and deformation characteristics, obtained, as a rule, by
the results of static probing. Investigations of the process of probe immersion into the soil have allowed to identify a zone of fracture, within which shear
deformations take place; a zone of elastic-plastic shear deformations and a zone of elastic deformations. This obviously leads to a change in the
determined soil parameters around the probe. Comparing the interaction of the pile and the surrounding soil with the processes occurring during the
probe immersion, the values of the obtained characteristics of sandy soils during probing are revealed with their values for the sands of natural
composition, which allows to obtain more reliable values for the design of bases and foundations. The article examines the features of the interaction of
the surrounding soil with piles and a probe during their immersion, associated with a change in the porosity coefficient.

Keywords: porosity coefficient, static soil probing, soil compaction, mechanical characteristics, soil compaction area.

K BOMPOCY NOBbILWEHKUA OOCTOBEPHOCTU OMNPEQENEHMUA MEXAHUYECKUX XAPAKTEPUCTUK FTPYHTOB
M. C. Nowra, H. H. Wanoo6ekiTa, T. M. lanobbita

Pedepar

lMpobrema onpeneneHns [OCTOBEPHbIX XapaKTEPUCTUK IPYHTOB, HEOOXOANUMBIX ANst NPOEKTUPOBaHUS (DYHOAMEHTOB 30aHUN 1 COOPYXKEHUH, SBMNSETCA
BaXHOM W akTyanbHO. OCHOBHblE NapameTpbl, ONPenensiolMe MeXaHWUYecKue CBOWCTBA FPYHTOB — 3TO MX MPOYHOCTHblE W AeOpMaLMOHHbIE
XapaKTepuCcTUKW, Monyyaemble, Kak MpaBuno, Mo pesynbTataM CTATUYECKOro 30HAMPOBaHWA. MccriedoBaHMs Mpouecca MOrpyXeHWs 30HAA B TPYHT
MO3BONMIN BbISBUTB 30HY Pa3pyLLEHNs, B Mpeaenax KoTopoi MMeoT MecTo AedhopMaLiv caBura, 30Hy ynpyronnacTudeckix AechopmaLimii casiura 1 3oHy
ynpyrix gedopmauuii. 310, 04eBUAHO, NMPUBOAMT K M3MEHEHMIO OnpedensieMblx NapameTpoB rpyHTa BOKPYr 3oHga. ComocTaenss B3auMopeicTBue
Morpyaemoii CBau 11 OKPYXaloLLEro ee rpyHTa C MpoLieccamm, MPOVCXOAALLIMMM NMPY NOTPYXeHUM 30HAA, BbISBNEHbI 3HAYEHIS MONyYaeMbIX XapakTepucTuK
MecYaHbIX MPYHTOB NPW 30HAMPOBAHMM C UX 3HAYEHWNSMM A NECKOB MPUPOAHOTO CRIOXEHMS, YTO MO3BONSET NONY4UTL Bonee AOCTOBEPHBIE X 3HAYEHUS
[ONs NPOEKTMPOBaHNS OCHOBaHWIA M (PyHOAMEHTOB. B cTatbe paccMOTpeHbl 0COBEHHOCTY B3aMMOAENCTBIS OKPYXKAIOLLIEro rpyHTa CO CBAsMM W 30HAOM Mpy

VX NOTPYXEHWUM, CBSI3aHHbIE C UBMEHEHNEM KODULIMEHTA NOPUCTOCTH.

KntoueBble cnoBa: k03hPULMEHT NOPUCTOCTM, CTATUYECKOE 30HAMPOBaHME FPyHTa, YNNOTHEHUE TPYHTOB, MEXaHU4YECKME XapaKTePUCTUKMK,

obnacTb YNNOTHEHWA rpyHTa.

Introduction

The most important reserve for improving the quality of designing
foundations and bases is the reliability of determining the physical and
mechanical characteristics of soils. The main parameters of the mechani-
cal properties of soils that determine the foundation bearing capacity and
deformability of foundations are the valuesof strength and deformation
characteristics: the internal friction angle, specific adhesion, deformation
modulus. These parameters, with the same type of granulometric compo-
sition, plasticity number, vary in significant ranges depending on porosity
coefficient values, fluidity index, etc. [1, 2, 3]. Therefore, obtaining objec-
tive reliable information on the soil properties located in the active zone of
the foundation of the designed buildings and structures is a very im-
portant task of engineering and geological surveys which determine the
feasibility and effectiveness of the decisions taken on the foundation type
and design [15, 18-20].

In accordance with [2], when conducting engineering and geological
surveys with the aim of determining soil strength and deformation charac-
teristics for the design and construction of buildings and structures of Il
and Il levels of responsibility, it is allowed to use statistical probing data.

Soil testing by probing is used in conjunction with other types of en-
gineering and geological surveys or separately [11].

Theoretical analysis of the reliability of determining the mechan-
ical characteristics of soils

Determinating the physical and mechanical characteristics of soils is
carried out according to tables [2]. In this case, the porosity coefficient e
of sandy soils should be taken from the table or from the correlation de-
pendence

e=0.815-0.104Inq,

where (s - specific soil resistance under the probe tip.

The value of e, in addition to Qs, is not affected by the genesis of
sands, their granulometric composition, or humidity.

This statement is incorrect, since “Without studying the genesis and
diagenesis of rocks, it is impossible to correctly estimate their physical
and mechanical properties in space and depth, the nature and intensity of
change under the influence of various factor, properties of a given rock in
relation to the designed structure [13]".

Thus, the value of the porosity coefficient is affected only by the spe-
cific resistance of the soil under the probe tip. Consequently, the obtained
value of e should correspond to the soil natural density. However, the
density values which are obtained in this way are of a purely preliminary,
forecasting, nature [4, 5, 19].
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Driving the probe into the soil results in its displacement into the area
surrounding the probe.

The trajectory of the soil particle movement, its resistance when a
conical tip is driven into it from the action of a static load, can be consid-
ered as the interaction of the surrounding soil and the pile driven into the
soil "in the area" of its tip. When driving a pile, a so-called internal uplift
appears under the tip of the pile, which forms a plastic zone around the
pile. Further on, in the volume adjacent to this zone, the soil passes into
an elastic state (Figure 1). The size of the elastic-plastic area, within
which the soil is in a compacted state versus its natural state, depends on
the strength characteristics. This is confirmed by natural and model stud-
ies of pile driving into various soils [6, 8, 9].
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Figure 1 — Diagram of soil compaction when immersing a probe

Field studies by the Krasnodar PromstroyNllproekt showed that
when driving piles into clay soil, the compaction zones around the pile
have the shape of a cylinder with a diameter of about (7-8)d (d - the
diameter of the pile) [6].

The elastic area

the plastic area

The annular sand zones displaced by the pile around its shaft
d =10,7 cm have an average width of 1,9 cm along the entire height.
The area of this annular zone in the horizontal section is 1,84 times
greater than the cross-sectional area of the pile. Thus, all the soil in the
volume of the pile was squeezed out to the sides with its simultaneous
compaction. The decrease in the initial soil porosity in this zone is 16 %.

A compacted soil core is also formed under the lower end of the
probe during its immersion, which has a great influence on the nature of
the formation of the surrounding massif [8, 9].

A number of studies of the interaction of the driven pile and the sur-
rounding soil confirm the formation of areas of horizontal displacement of
soil particles and its compaction around the ring piles in a radius of 2 to
10,0d [6, 7, 8]. Some of the latest studies of the process of continuous
immersion of the probe into the soil [14, 16, 17] made it possible to identi-
fy the following zones of its deformation as it moves away from the probe:

— destruction zone, in which the soil shear deformations reached
and exceeded the ultimate strength values;

— zone of elastic-plastic shear deformations that did not reach
the ultimate value;

— zone of minor elastic shear deformations, soil compression.

The sizes of these zones change proportionally to the initial soil density.

Thus, the experimental studies conducted with various soils on the
models allowed us to establish compaction zones below the tip (com-
pacted core) and deformation zones, mainly in the horizontal direction.

The elastic part of the compacted core causes the formation of a
compaction zone. When the soil is displaced in the radial direction, com-
pression pressure P occurs on the probe contour, causing the movement
of soil particles in the plastic area, i.e. causing its compaction (Figure 2).
This means that when the probe is driven in, the soil natural density
changes: loose soil is compressed, and dense soil is loosened. Besides,
a similarity in the nature of the deformation of the base during the immer-
sion of the probe and pile models into the soil was revealed, which makes
it possible to mutually extrapolate the analytical and numerical solutions
obtained for both problems.

V'
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!

o

YA

di2

Figure 2 — Calculation scheme

The identified peculiarities of the interaction of the surrounding soil
with the piles and the probe during their immersion are connected with a
change in the porosity coefficient compared to its natural value.

The porosity coefficient for sandy soils is one of the main classifica-
tion indicators, according to which sands are divided into varieties by

density. The value of this indicator is affected by the dispersion of the
sandy soil and its natural composition density, humidity, which deter-
mines the value of mechanical characteristics.

Consequently, the issues of the reliability of determining the natural
density and mechanical characteristics of soil are very important.
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Let us designate the porosity coefficient of natural soil as e, and the
porosity coefficient of compacted soil as €. Taking into account that soil
compaction occurs mainly within the plastic area (Figure 2), since the
value of Uy is usually insignificant compared to the plastic area, then e,
is characteristic as the average coefficient of soil porosity in this area.
Supposing that all solid particles in the probe volrme are displaced into
the soil volume limited by the radius r,, the equation will look

d2
e, = e—m(l-l-e).
Hence °
_ G(1+e)
r2 —0,250d2

In accordance with [9], the radius of the soil maximum state zone in
the plane passing through the tip of the cone is determined by the formula

x/f-eg-gjtgco

d
= > 1+
sin| 2+ %
2 2
Denoting the expression in square brackets D, we obtain
d
r,= =
2
Then
2
_D(1+e,) 1
D?-1

Obviously, in the plastic area and when the cone is immersed, the
change in the porosity coefficient of the compacted soil depends on the
distance from the probe edge, where the density will be maximum and as
it moves away from the probe, it will decrease to the natural one.

The change in the porosity coefficient e, within the compacted area
is accepted, taking into account the logarithmic nature of the development
of shear deformations [10], according to the formula

r

e =ee?,

where e is the base of the natural logarithm.

I' is the distance from the compaction boundary to the point under
consideration,

a is a certain coefficient.

Analysis of the change in the porosity coefficient in the direction from
the probe to the boundary of the plastic area shows that at the probe
surface € has the lowest value and when approaching the edge of the
plastic area e increases. The difference in soil density between these
characteristic points is about 14 %.

Atr=0;er=e; if I'=1r,-—;er=€p is the porosity co-
efficient of the soil at the probe surface.

The most intense change in the porosity coefficient is observed in the
section from the probe surface to 0,25d. It is obvious that the maximum
soil density during probing tests will be in the area adjacent to the probe
surface. Taking into account the results of testing models of piles driven
into sandy soils, and also guided by the need to determine the most relia-
ble characteristics of the soils, we will determine the value of €, 5 within
the range of 0,30d. Then the value of €y 4y will be equal to

. -(r, -0,3d)

—-ee ———.
p.av H a

Calculations show that within the 0,2d area, the change in the po-
rosity coefficient does not exceed 10 %. Figure 3 shows the change in the
porosity coefficient of natural soil composition in the 0,3d area depending
on the average porosity coefficient when the probe is immersed. There is
a clear linear relationship between €, 5y and € for sandy soils of different
coarseness. The angle of inclination of the line to the abscissa axis de-
pends on the angle of internal friction of the soil. The greater the value of
¢, the smaller the angle of inclination o.. This indicates that for the same
value of ey 4y, the value of e for different soils is different in density: with
a larger sand coarseness of the determining fraction, the natural density
of the soil is higher.

Conversely, for the same natural density of the soil, the average val-
ue of € 4y is higher for fine and dusty sands than for coarse and gravelly
sands; the higher is the value of €, the greater is this difference.

€p.av.

0,81

0,5

0.4+

e ' ‘ 0.9

0,5 0,7 ) e

1- €p.av within 0,3d; 2- €p.av at ¢= 240; 3- €p.av at Q= 360;
4- epav at @ = 42°,

Figure 3 — Change in ep.av for sandy soils of different densities

Figure 4 shows the graphs of the change in the specific soil resistance
under the probe tip Qs depending on e. The graphs show that for any given
value Qs, the actual value of e is less than the determined by [2].

And this, as is obvious, affects the value of mechanical characteris-
tics determined according to [11-13]. The comparison of the deformation
modulus for coarse sands according to the proposed procedure and in
compliance with [11-13] shows this difference of up to 17 %.

Conclusions

1. When the cone is immersed into the soil, the soil is displaced in
the radial direction, which causes its additional compaction.

2. The determination of the soil porosity coefficient, its strength and
deformation characteristics should be carried out taking into account the
presence of a zone of additional soil compaction ‘in the area” of the im-
mersed probe.

66

Civil and Environmental Engineering
https://doi.org/10.36773/1818-1112-2024-135-3-64-67



Vestnik of Brest State Technical University. 2024. No. 3 (135)

. Solov'ev, YU. L

0,8+

0,7 +

0,6+

0,5+

04+

0,3

16

12

20

24 28 32

Qs

1 - according to [2]; 2 - by formula (1).
Figure 4 — Change in gs depending on €
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Abstract

Environment influence in the form of precipitation, temperature variations, seasonal freeze-thaw cycles and human activity lead to the appearance
of damages (defects) on the surface of reinforced concrete structures of buildings. As studies show, untimely performance of works on maintenance of
objects and subsequent elimination of defects during operation increases the probability of premature destruction of the structure many times.

The article analyzes and classifies the main defects and damages of elements and structures of transport infrastructure structures depending on
the place of formation on the structures, the nature of distribution, the impact on the main technical and economic indicators and parameters.
The reasons of their appearance and subsequent influence on durability, traffic safety and load-carrying capacity of the structure are revealed. Based
on the results of the inspection of the technical condition of the building structures of individual bridge structures, laboratory tests were performed to
determine the physical condition of concrete by taking samples from the elements at the locations of identified damages and defects. The content of
calcium ions, chlorides, pH, as well as the degree of carbonization were determined in the concrete samples under investigation, and the results were
compared within the bridge structures under consideration and with the data of normative and technical literature. To obtain an objective picture,
laboratory tests of water samples from the bridges crossing obstacles (rivers) were carried out. The influence of the geographical location of
the structures on the condition of materials of building structures, the degree of their damage and operating conditions was assessed. The existing
approaches to predicting the durability of transport infrastructure structures were analyzed separately — the reliability of the results obtained taking into
account the technical condition of structures (damage and defects of materials), the quality of work performed during the construction of the structure
and others.

Keywords: structural damage and defects, bridge structures, chloride content, calcium ions, water extracts, durability prediction.

BIIMAHUE NAPAMETPOB OKPYXAIOLLEN CPE[bl HA NPOLIECCHI BO3HUKHOBEHUA U PA3BUTUA NEGEKTOB
MOCTOBbIX COOPYXEHWHU

M. B. Kpusuukun, H. B. MaTtBeeHko, K. A. OnexHoBuy

Pedepar

BrnsHve okpyxatolwen cpedbl B Buge aTtMOCEpHbIX OCaAkoB, MepenagoB TeMnepaTypbl, CE30HHbIX LWKMOB 3aMOpaXvBaHWS-OTTaMBaHWS W
[ESTENbHOCTU YenoBeka NPUBOLAT K MOSBMEHMIO MOBPEXOEHWA (OEeEKTOB) Ha MOBEPXHOCTW Eene300ETOHHbIX KOHCTPYKUMIA CoopyxeHui. Kak
roKa3bIBAKT UCCNE[0BaHMS, HECBOEBPEMEHHOE BbINONHEHWE paboT no coaepxaHnio 0BLEKTOB W NocreaytoLLee yeTpaHeHue AedeKToB npy aKCnTyaTaLmm
B pasbl YBENMYMBAET BEPOATHOCTb NPEXAEBPEMEHHOTO PA3PYLLEHNS COOPYKEHMS.

B cTaTbe BbINOMHEH aHanM3 1 KnaccudmkaLmst OCHOBHbIX [edeKTOB W MOBPEXAEHUA ANEMEHTOB W KOHCTPYKLMA COOPYEHMA TPaHCMOPTHOM
MHEPACTPYKTYPbI B 3aBUCHMOCTM OT MeCTa 06pa30BaHINs Ha KOHCTPYKLMSIX, XapaKTepa pacnpoCTPaHEHMS, BVSIHUS Ha OCHOBHbIE TEXHUKO-3KOHOMUYECKVEe
rnokasaTenv W napameTpbl. BbisIBMEHbl MPUYMHBI WX MOSBMEHWS W NOCMEOylWee BMWSHUE Ha [ONMrOBEYHOCTb, 0e30macHOCTb ABWKEHWS W
rPy30noabEMHOCTL  CoOpyXeHus. o pesynbTatam oOCNefoBaHMS TEXHUYECKOTO COCTOSHWS CTPOUTEMbHbIX KOHCTPYKLMIA OTAENbHbIX MOCTOBbIX
COOPYKEHMIA BbIMOMHANNCH NabopaTopHble 1CCMea0BaHNs Mo onpeaeneHinto huan4eckoro coctosiHus 6eToHa nyTem otbopa npo 06pa3LioB 13 aneMeHToB
B MECTax BbISBIEHHbIX MOBPEXaeHuii 1 fedekTos. B npobax nccneayembix 0bpasLos beToHa onpenensnocs ConepxaHue MOHOB KanbLns, Xnopuaos, pH,
a Takke BbIBOPOYHO OLEHMBANach CTeneHb kapOoHM3aLWMM 1 BbINOMHANCA COMOCTABUTENbHBIA aHanu3 pesynbTaTtoB B MpeAenax paccMaTpyBaeMbix
MOCTOBbIX COOPYXEHUSX U C aHHBIMW HOPMATWUBHO-TEXHUYECKON NuTepaTypbl. [ins nonyyennst 0O6bEKTUBHOM KapTWHbI OCYLLECTBASANMUCL NabopaTopHble
uccneaoBaHns npob Bodbl MepecekaeMblx MpensTcTBuil (pek) mocTamu. OLeHMBanoch BMNSHUE reorpaduyeckoro pacronoXeHUsi COOPYXeHid Ha
COCTOSHIE MaTep1anoB CTPOUTENbHbIX KOHCTPYKLIMIA, CTENEHb X MOBPEXAEHWUA M YCNoBms akcnnyaTaumn. OTAenbHO NpoaHann3npoBaHs! CyLECTBYHOLNE
nogxompbl MPOTHO3MPOBAHWUA [ONTOBEYHOCTY COOPYKEHWIA TPAHCTIOPTHOM MHEPACTPYKTYpbl — [OCTOBEPHOCTb MOMYyYaeMblX PE3ynbTaToB C y4YeTOM
TEXHIYECKOTO COCTOSHUS KOHCTPYKLIAI (MOBPEXAEHMIA 1 [ed)eKTOB MaTepraros), Ka4eCTBO BbINONHSEMbIX paboT NPy BO3BELEHNM COOPYKEHUS 1 Apyrue.

KntoueBble cnoBa: noBpexaeHns n gedexsl KOHCprKLl'VIVI, MOCTOBbIE COOPYXEHUA, CoAepXaHne XNopnaos, MOHbI KanbLnAa, BOAHbIE BbITAXKHU,
NPOrHo3npoBaHne OONroBe4YHOCTHU.

Introduction Influence of environmental parameters on the processes of oc-

External effects associated with temperature fluctuations with simul-
taneous frequent precipitation contribute to the acceleration of corrosion
processes of building materials of engineering structures, formation of
defects and damages in the concrete of structures. At the same time, the
increase of carbon dioxide content in humid air leads to the acceleration
of carbonization processes in the pore space of concrete of bridge and
hydraulic structures, overpasses [1].

currence and development of defects in bridge structures

According to [2], depending on the degree of influence, defects are
divided into maintenance defects, which are the result of violation of the
terms of routine maintenance of the structure; safety defects, which pre-
vent the free and safe movement of vehicles and pedestrians on the
structure and under it (if necessary) and load capacity defects, leading to
a decrease in the load-carrying capacity of spans and supports.

68

Civil and Environmental Engineering
https://doi.org/10.36773/1818-1112-2024-135-3-68-73



Vestnik of Brest State Technical University. 2024. No. 3 (135)

Durability defects [3, 4], which do not directly affect the operational
performance of the structure, but if not eliminated in time, may lead to a
decrease in load capacity and deterioration of safety performance in the

future, can also be singled out as a separate category. The most common
defects identified by the results of bridge structures inspection for each
category are shown in Table 1 and Figure 1.

Table 1 - Defects of bridge structures

Defects of bridge structures

influencing the durability of the structure

influencing traffic safety

influencing the load capacity of
the structure

— destruction of the bridge deck waterproofing structure;
— soaking, caking, efflorescence on concrete;

— thawing (frost degradation) of concrete, including bare
reinforcement (Figure 1a);

— insufficient protective layer of concrete, corrosion of
structural reinforcement;

— corrosion cracks (corrosion of working reinforcement)
(Figure 1b);

— water filtration along the joint, leaching, suede, efflo-
rescence, stalactites;

— failure of concrete of span girder joints;

— spalling of concrete without bareness with bareness of
reinforcement;

— destruction of expansion joints, their unsealing;

— defrosting of beam ends, corrosion of anchor washers;
— corrosion and destruction of support parts;

— destruction of drainage pipes, their insufficient length;

— cone subsidence under the nozzles of the end supports
and transition plates (Figure 1d);

— erosion of cones and embankment slopes

— cracks in the pavement of the bridge deck
and approaches;

— patching of the pavement and approaches
(Figure 1c);

—contamination of the bridge deck and
sidewalks;

—elements of barrier fencing or their fas-
tening on the bridge and approaches do not
meet regulatory requirements (no reflective
inserts, corrosion of metal elements);

— railings are wobbly;

— cone subsidence under the end piers and
transition plates;

— erosion of cones and embankment slopes;

—organized conjugation of sidewalks with
approaches is destroyed;

— through destruction of sidewalks;

— sidewalks are not covered;

— drainage pipes have no grids;

— stairs on the approaches are destroyed or
missing

— corrosion of
reinforcement;
—thawing (frost degradation) of

working

concrete, including bare rein-
forcement;
—increased thickness of the
roadbed;

— corrosion of anchor washers;
— destruction of supporting parts

a) thawing (frost destruction) of concrete with bare and corroded reinforcement; b) corrosion cracks (corrosion of principal reinforcement); c) patching

in the bridge deck covering; d) cone subsidence under the end piers nozzles

Figure 1 - Defects of bridge structures
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When diagnosing and inspecting the technical condition of bridge struc-
tures, defects are identified on the basis of visual inspection, and its assign-
ment to one or another category largely depends on the qualifications, experi-
ence and subjective opinion of the specialist conducting the inspection. At the
same time, a number of defects and damages can be established visually -
the presence of corrosion or force cracks, concrete thawing, non-compliance
of some structural elements with the normative requirements [5]. Other defects
cannot be detected without the use of modem highly specialized devices or
laboratory tests, such as hidden corrosion of reinforcement, carbonization and
chloride saturation of concrete, but can lead to rapid deterioration of the tech-
nical condition of structures [6, 7].

In the process of long-term operation of bridge structures their elements
are exposed to the action of water ions chemically active in relation to cement
stone, such as chlorides, nitrates, sulfates, which contribute to the destruction
of concrete and reinforcement. One of the main factors determining the deteri-
oration of technical building structures is the rate of diffusion and the rate of
chemical reactions with hydration products of cement minerals.

The quality of natural water in water bodies where engineering struc-
tures are operated depends largely on the content of dissolved salts of
mineral origin. The main salt content is due to calcium and magnesium
compounds, which characterize water hardness. The content of chlorine
anions, sulfate anions, carbonates and hydrocarbonates, iron cations and
other ions determine the mineralization of natural water bodies. For each
of the salt ions the normative value of MPC is established (Table 2).

Table 2 - Main indicators of maximum permissible concentra-
tions of components that create water mineralization

Cations and anions of salts MPC (n;gﬁlcrgﬁtn:ags:]r;ls&ble
Calcium Ca? 200 mgl/l
Magnesium Mg?* 100 mgll
Sulfate SO 500 mg/l
Chloride CI 350 mg/l
Total iron FeZ, Fe3* 0,3 mgll

The main indicator of water quality of a natural water body includes
the hydrogen indicator — pH. The normative pH value for water bodies
ranges from 6.5 to 8.5. Deviation of pH value in natural water from the
established norm causes air pollution by acidic impurities, which fall into
the water body with atmospheric precipitation. Change of pH can cause
insufficiently treated and untreated wastewater from industrial enterpris-
es, creating an aggressive environment in relation to hydraulic and bridge
structures.

For this purpose, the study determined some water quality indicators
in samples from water bodies.

To assess the impact of water bodies on bridge structures in the
places of their operation, samples were taken from the Usa, Karpilovka
and Poplavka rivers [8]. Water hardness, chloride content, and hydrogen
index were determined in the samples. The results of the studies are
summarized in Table 3.

Table 3 — Water quality indicators in samples of natural water bodies

Name of the H Hardness mgeq/l Chlorides | Sulfates
river P Ca2t/ Mg 2 mg/l mg/l
Usa 8,06 55 45,67 57,2
Karpilovka 742 44 101,18 488
Poplavka 7,86 43 49,70 58,7

It is known that when water hardness decreases, i. e. the content of
ions Ca?*, Mg?* and the value of hydrogen index pH increases, the prob-
ability of free CO2 in water increases, which accelerates the processes of
corrosion of reinforcement and carbonization of concrete of bridge and
hydraulic structures.

Analyzing the results of water samples in the rivers, it can be con-
cluded that the studied indicators do not exceed the established stand-
ards of water quality in natural water bodies. It has been established that
the natural content of sulfates in surface and ground waters is caused by

weathering of rocks and biochemical processes occurring in aquifers.
The maximum content of sulfate ions in water from centralized water
supply sources should not exceed 500 mg/l, but, as a rule, in river water
the concentration of sulfates is 100—150 mg/l. Increased concentration of
sulfates may indicate pollution of a water body by industrial wastewater.

Chlorides are a constituent of most natural waters. However, in river
water the concentration of chlorides is low — usually it does not exceed
10-30 mg/l, so the increased amount of chloride ions (Table 3) indicates
pollution of the water body by wastewater. According to water quality
standards for natural water bodies, chloride concentration should not
exceed 350 mgl/l. At certain ratios of sulfate and chloride, water becomes
aggressive towards different types of concrete [9].

The rate of penetration of active components into the depth of con-
crete depends on both the nature of the medium and the structure of
concrete [10]. It is necessary to take into account the hygroscopic proper-
ty of nitrate, sulfate and chloride salts, which attract water and moisture
from the atmosphere, i. . as the salt content in the material increases,
the water content also increases.

The practice of operation of concrete and reinforced concrete struc-
tures shows that waters containing aggressive carbon dioxide in the
amount of more than 300 mg/l are highly aggressive. The process of
carbonization of building materials proceeds in several stages. The first
stage is the penetration of carbon dioxide by diffusion into the surface
capillaries of the building material. In this case, the formation of carbonic
acid takes place inside the capillary system of the material. This is fol-
lowed by a neutralization reaction of carbonic acid by the alkaline compo-
nents of cement mortars, bricks, natural and artificial stone.

H20 + CO2 — H2COs (1)
Ca(OH)2+C02+H20—CaC03+2H20 2)
CaCOs + H20 + CO2 — Ca(HCOs)2 (3)

Thus, the mechanism of carbon dioxide corrosion of concrete ce-
ment stone is determined by two interrelated processes: formation of
calcium carbonate (2) and its dissolution by reaction (3):

Reaction (3) is reversible and depends on the humidity and temper-
ature of the environment, the porosity of the material, and the concentra-
tion of carbon dioxide in the atmospheric air. The dissolution and recrys-
tallization processes of calcium carbonate depend on the same factors,
as an increase in temperature promotes crystallization and the presence
of moisture leads to the migration of hydrocarbonate to other areas of
the material.

Corrosion of cement stone, in an environment containing corrosive
carbon dioxide, proceeds with the decomposition of all Portland cement
clinker minerals and their hydrate compounds in concrete.

The reversible reaction must be distinguished from the carbon diox-
ide bound in Ca(HCO3): hydrogen carbonate. The appearance of a
“super-equilibrium” amount of carbonic acid in solution causes the disso-
lution of more and more portions of CaCQs. This excess acid is called
corrosive acid. Carbonic acid corrosion acts on concrete the weaker, the
more in the aqueous solution of calcium and magnesium hydrocar-
bonates.

Thus, the process of carbonic acid corrosion of concrete can be in-
vestigated by the change in the concentration of Ca2*, CO3%, HCO3, pH
in aqueous extracts from different layers of concrete specimens.

Carbon dioxide can be present in solution as three forms [9, 11]:

1) free carbon dioxide, which is formed by the interaction of CO:
and H20;

2) carbon dioxide in the form of HCO3;

3) carbon dioxide in the form of CO32.

All three forms can change from one to another depending on the pH
of the medium.

The content of calcium and magnesium ions in the samples (Table 3)
showed that the water in the rivers belongs to the category of water of
medium hardness.

Concrete samples are taken from the main load-bearing structures to
predict changes in the condition of the bridge structure in operation.
The content of chlorides, calcium ions and pH in bridge elements (Ta-
ble 4) was assessed and the influence of river water quality on their value
was analyzed.
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The chemical process of carbonization, as a result of calcium car-
bonate formation in the porous structure of concrete, leads to a decrease
in the pH value and to an increase a chlorine ion content [12]. As a result
of the decrease in protective properties, salts accumulate in the material,
causing deterioration and the formation of cracks. This leads to further
penetration of aggressive medium, moisture and gases into the concrete,
which in turn causes corrosion of reinforcement and propagation of struc-
tural defects. Therefore, the study of the properties of the material from
which bridge structures are made is an important task in the development
of sectors of the national economy. The chemical process of carboniza-
tion, as a result of calcium carbonate formation in the porous structure of
concrete, leads to a decrease in the pH value. As a result of the decrease
in protective properties, salts accumulate in the material, causing deterio-
ration and the formation of cracks. This leads to further penetration of
aggressive medium, moisture and gases into the concrete, which in turn
causes corrosion of reinforcement and propagation of structural defects.
Therefore, the study of the properties of the material from which bridge
structures are made is an important task in the development of sectors of
the national economy.

Table 4 - Results of determination of chemical parameters in aque-
ous extracts of concrete samples

Chemical parameters
Elements of content
o | M| oty | ormgcar | g
a #(mgll) Clin %
100g
Ptich River Bridge
Support 5 9,08 55 2,14 0,075
Head beam 4 9,26 16 2,34 0,082
Beam B1 9,13 37 5,99 0,209
Beam B3 9,43 56 3,99 0,138
Usa River Bridge
Support 2 10,54 32 1,54 0,054
Head beam 2 9,74 24 0,48 0,017
Beam B2 9,63 14 0,75 0,026
Karpilovka River Bridge
Support 2 8,94 13 0,25 0,009
Plate 3 8,95 11 1,45 0,051
Poplavka River Bridge
Head beam 3 10,56 30 1.16 0,02
Head beam 4 8,49 30 1,68 0,059
Head beam 5 9,11 40 1,68 0,059
Strut 3 9 34 1,67 0,059
Beam 1 9,79 26 0,76 0,03

The chemical process of carbonization, as a result of calcium car-
bonate formation in the porous structure of concrete, leads to a decrease
in the pH value. As a result of the decrease in protective properties, salts
accumulate in the material, causing deterioration and the formation of
cracks. This leads to further penetration of aggressive medium, moisture
and gases into the concrete, which in turn causes corrosion of reinforce-
ment and propagation of structural defects. Therefore, the study of the
properties of the material from which bridge structures are made is an
important task in the development of sectors of the national economy.

As it is known, the moisture content of the building material always
depends on the air humidity. Since calcium carbonate is a hygroscopic
salt, its formation in the pores of the material increases the moisture level
even at temperatures below the dew point. Moreover, the thinner the
pores, the more intensive is condensation on the pore surface, disturbing
the equilibrium humidity of the building material (2). The equilibrium shifts
towards soluble calcium hydrocarbonate.

The soluble calcium salt is subsequently washed out of the material
by groundwater, seepage or rainwater, or penetrates deep into the mate-
rial. This causes damage to the structure of the material.

Samples of bridge elements located in the vertical plane, such as
piers and supports, have a higher calcium ion content, which corresponds
to a higher pH value.

At the same time, the content of chloride ions in extracts of these el-
ements is predominantly lower than in samples of elements located in the
horizontal plane, i. e. in slabs, superstructures and girders.

When analyzing the research results, it is necessary to take into ac-
count the service life of bridge structures. The bridge over the Ptich River
has been in operation for more than 40 years. The higher content of cal-
cium ions in the vertical structures of this bridge indicates the transition of
calcium into soluble compounds, which are washed out of the concrete by
seeping water or precipitation. The high chloride content in the extreme
girder of the bridge (more than 0,2 %) may indicate the long-term use of
salt during winter operation of the structure.

In this work, along with the study on chloride and calcium content,
the degree of carbonization of concrete of engineering structures of road
infrastructure such as overpasses, bridges and reclamation structures
and structures was determined.

The concentration of carbon dioxide in atmospheric air noticeably af-
fects the carbonization process, the rate of which increases with increas-
ing carbon dioxide content and increasing temperature. It should be noted
that the diffusion of carbon dioxide in moist air is about 10000 times faster
than in water moistening the protective layer of concrete.

In concrete that has been operated in an aggressive atmosphere
containing acid gases, three main layers are usually distinguished [9]:

— external, neutralized by a gas forming a stronger acid than car-
bonic acid;

— middle, carbonized;

— internal, not exposed to acid gases.

After carbonization of the protective layer of concrete to its entire
depth, corrosion of steel reinforcement is intensified, which is the main
cause of failure of reinforced concrete structures.

In the work we determined the degree of carbonization for a bridge
structure over the Usa River. The degree of carbonization of concrete is
characterized by carbon dioxide chemically bound to the cement stone,
which is determined as a percentage of the mass of cement in accordance
with STB 1481-2011. The results of the research are given in Table 5.

Table 5 - Degree of carbonization of samples of elements of the
bridge over the Usa River

Element name Degree of carbonization (%)
Support 2 7,62
Head beam 2 8,36
Beam 2 5,87

However, the issue of criteria for assessing the state of concrete and
its protective properties in relation to steel reinforcement is currently prob-
lematic [13]. According to the research of V. |. Babushkin [14] concrete
loses its protective properties in relation to reinforcement at pH < 11.8,
but this does not mean that the degree of carbonization at such an indica-
tor will be maximum. The decrease in the values of the hydrogen index
may be a consequence of internal physicochemical processes of salt
recrystallization.

Decrease in pH value in concrete extracts is not a criterion for evalu-
ating the carbon dioxide content in the pore structure of concrete. It is
obvious that the content of carbon dioxide and other acidic gases in the
surface layers of concrete will be higher and the pH value will be lower,
but what is the depth of penetration of carbon dioxide into the depth of
concrete in this case remains unknown.

Consequently, during the comprehensive inspection of objects of var-
ious infrastructure there is a need to determine the content of carbon
dioxide in samples of materials at different depths from the surface of the
sample.

An important stage in determining the technical condition of the struc-
ture is the prediction of the bridge durability [15] (Table 6). According to
[16], it is recommended to perform the prediction based on the data from
the results of previous surveys extrapolating the reduction of the load-
carrying capacity class according to the elliptical dependence. Under
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unfavorable operating conditions (systematic freezing, exposure to chem-
ically active de-icing agents) it is necessary to take into account the re-
duction of strength and deformative properties of concrete as a result of
degradation processes in accordance with Appendix B [16]. Corrosion of
reinforcement also affects the reduction of span load carrying capacity;
therefore, the method developed in the Russian Federation [17] provides
not only for prediction of concrete carbonization but also for corrosion of
reinforcement.

The methods given in normative documents [16, 17] do not always
allow us to reliably obtain data on the predicted service life of structures,
since the rate of development of concrete carbonization and reinforce-
ment corrosion depends largely on the initial quality of materials, as well
as on the operating conditions of the structure, which can be very differ-
ent even within the same structure: end and middle beams of the span,
structures located at the expansion joint, etc. [18]. It is obvious that in
order to perform reasonable calculations of the predicted durability of
bridge elements, it is necessary to have accurate and detailed information
on the processes of concrete carbonization and reinforcement corrosion
occurring in the structure at the inspection stage [19, 20].

In order to fully assess the technical condition and predict the residu-
al life of structures, the specialist performing the inspection should have
data on the condition of the structure, the degree of concrete carboniza-
tion, and the corrosion processes occurring in the reinforcement during
the entire period of operation, which is not always possible.

Table 6 — Normative (forecast) indicators of durability of structures

Year of Design service Remaining
Bridae construction / life service life of
na rT?e last major of structures, structures [16],
repair years years
(reconstruction) | Spans |Supports | Spans | Supports
Ptich
River 1972 24 49
Bridge
gﬁg;‘"er 1972/ % | 49
Karpilovka 75 100
River 1987 /2012 63 63/88
Bridge
Poplavka
River 2012/ - 63 88
Bridge

On the basis of actual data on the technical condition of structures
(physical deterioration) and laboratory studies of their materials, the cal-
culation of predicting the durability of the structure was performed by
determining the load capacity of the structures of spans and supports

(Figure 2).
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Figure 2 - Prediction of the bridge durability
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Prediction of the decrease in the design compressive strength of
concrete during the operation period was made using coefficients that
take into account the operating conditions of the structure, which were
established during the inspection of the structure. The time variation of
the working reinforcement corrosion degree was taken into account by
decreasing the effective diameter of the reinforcing bar during ti years of
the bridge structure operation, taking into account the data obtained as a
result of the survey. The actual degree of concrete carbonization and,
consequently, the residual concrete protective layer determined in the
present study were taken into account. The function of reinforcement
cross-sectional reduction (reinforcement wear) in accordance with [17],
can be described using the reliability theory failure function and trans-
formed into the dependence of the effective cross-sectional area of the
working reinforcement of the slab on the service life of the span.
The results of numerical modeling are presented in Table 7.

Table 7 — Results of numerical modeling of durability of structures

Bridge load | Number of years until the expiration
Bridge name capacity of the reliability requirements for the
category calculated load capacity
Ptich River
Bridge A 08
Usa River
Bridge A-11 11,2
Karpilovka
River Bridge | 14 12.2
Poplavka
River Bridge A14 154
Conclusions

1. Diagnostics of defects in bridge structures can be carried out
based on the results of visual inspection and appropriate measurements.
The most promising methods are the methods of chemical analysis,
which allow to obtain information about the condition of the structure and
identify hidden defects.

2 The main indicators controlled by chemical analysis of concrete con-
dition are chloride content, degree of carbonization and pH, which depend
on the initial quality of materials, as well as the operating conditions of the
structure, which can vary greatly even within the same structure.

3. The question of criteria for assessing on the basis of chemical
analysis the condition of concrete, its protective properties in relation to
steel reinforcement remains unresolved, because, as the experience of
the performed surveys shows, a decrease in the pH of concrete does not
always lead to an increase in the degree of carbonization and, conse-
quently, more rapid development of defects.

4. Prediction of the bridge durability based on the data on its load carry-
ing capacity, determined by the results of previous surveys, allows taking
into account the development of degradation processes in concrete and
corrosion of reinforcement. To perform appropriate calculations it is neces-
sary to have information on the degree of concrete carbonization, corrosion
processes in reinforcement during the whole operation period. Analysis of
the obtained durability indicators (Figure 2, Table 7) of the bridge structures
considered in the article indicates the necessity of systematic monitoring of
their technical condition and performance of repair and rehabilitation works
for some of them. In this connection it is urgent to create a database of
bridge structures containing data not only on their structural design and
main defects, but also on changes in chloride content, degree of carboniza-
tion and pH during different periods of operation.
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Abstract

Electric spark alloying of solid surfaces is a promising direction for increasing the performance properties of materials. Formation of superhard
material coatings on a substrate allows to significantly increase hardness, wear resistance, resistance to high temperatures and pressure, and improve
the performance characteristics of products by 1.5-5 times. This is due to the formation of various multicomponent structures in electric spark coatings
that have increased strength and tribotechnical characteristics. The aim of the work was to study the structure and physical and mechanical properties
of electric spark coatings obtained from powder materials. Various powder charge compositions and electric spark discharge parameters were used to
form the coatings. The coatings were formed under standard climatic conditions by combining powder materials based on titanium carbide (TiC),
aluminum (Al), carbon (technical graphite), titanium nitride (TiN), aluminum nitride (AIN) using the developed technology. The strength and adhesion
properties of coatings obtained by the electric spark alloying method were studied. The studies to determine the adhesion characteristics using scratch
analysis and Rockwell methods showed that coatings based on TiN+Al compounds have high adhesion strength. It was found that in TiN+AI coatings,
electric spark alloying can lead to the formation of MAX phases and high-entropy compounds, which has a positive effect on the physical and
mechanical properties of the formed coatings. The microhardness of the studied coatings is increased by 2—4 times compared to the original titanium
substrates. The dependence of the coating microhardness on the indenter penetration depth was studied. The dependence of the strength
characteristics on the indenter penetration depth of the TiC+Al electric spark coating (0.9 J) formed on the VT1 titanium alloy is nonlinear with an
extremum in the region of a coating thickness of 9-10 pm. The strength characteristics of electrospark coatings formed by a contactless method from
refractory metals were investigated. The possibility of forming coatings from silicate ceramics with increased values of microhardness and adhesive
strength was established.

Keywords: electric spark alloying, hardness, nanocomposites, titanium carbides and nitrides.

NCNoJIb30BAHUE MNOPOLUKOBbLIX MATEPUAIIOB BbICOKOTBEPABIX COEQAMHEHUI ANsi ®OPMUPOBAHMSA
ONEKTPOUCKPOBbIX MOKPbITUX PA3NUYHOI O ®YHKLIMOHANIBHOIO HA3HAYEHUA

E. B. OBunHHUKOB, B. B. Muxaiinos, H. M. Yekan, E. U. diicbimoHT, [I. A. lIuHHuk, C. UBawwky, W. M. Akyna,
A. U. Bepemeituuk, A. Y. CBUCTYH

Pechepar

OneKTPOMCKPOBOE NIerMpoBaH1e NOBEPXHOCTEN TBEPAbIX TEN ABMSETCA NEPCNeKTUBHBIM HaNpaBeHUeM YBENUYEHUS SKCMITyaTaLMOHHbIX CBOVCTB
maTepuanos. PopmM1pOBaHNe MOKPLITHI CBEPXTBEPALIX MATEPUAnoB Ha CybcTpaTe No3BONSET CyLIECTBEHHO YBENUYUTL TBEPAOCTb, M3HOCOCTOMKOCT,
CTOMKOCTb K BO3AEACTBMIO BbICOKWX TEMMEPATYP W [AABNEHUS, NOBLICUTL SKCMNyaTaLMOHHbIE XapaKTepuCcTVKA u3genuii B 1,5-5 pas. 3to obycnosneHo
00pa3oBaHMeM B 3MEKTPOWUCKPOBBIX MOKPLITUSX Pa3NNYHBIX MHOTOKOMMOHEHTHBIX CTPYKTYP, 0BNafalolmx MOBbILEHHBIMA MPOYHOCTHBIMK 1
TPUOOTEXHMYECKMMM  XapakTepucTukamu. Llenbto paboTbl SBMANOCH M3yyeHWe CTPYKTYpbl M (DU3MKO-MEXAHMYECKNX CBOWCTB 3MEKTPOMCKPOBbIX
MOKPBITUIA, NOMyYaeMbIX 13 MOPOLIKOBLIX MaTepuanos. [ins (opMMPOBaHMS MOKPLITUIA UCMONB30BANMCh Pa3NuyHble COCTaBbl MOPOLLKOBOM LUMXThI 1
napameTpbl 3NEKTPOMCKPOBOrO pa3spsiaa. MMokpbiTs DOPMMUPOBANUCh B CTaHAAPTHBIX KNMMATUYECKUX YCIMOBUSX MyTEM COBMELLEHUS! MOPOLLKOBbIX
MaTepuanoB Ha ocHose kapbuaa TwutaHa (TiC), antomuHus (Al), yrnepoga (TexHuueckoro rpacmra), Hutpuaa tutana (TiN), HuTprupa antomunmus (AIN)
no paspabotaHHoi TexHomoruu. [lpoBedeHbl MCCNefoBaHWS MPOYHOCTHBIX W AATE3NOHHBIX CBOWCTB  MOKPLITWA, MOMYYEHHbIX METOAOM
9MEKTPONCKPOBOrO NervpoBaHus. poBeAeHHbIE WCCNeAOBaHWA MO OMPeeneHuio aAre3vOHHbIX XapakTepuUCTMK MeTodamu CKpeTy-aHanmsa u
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Poksenna nokasanu, YTo MOKPbITUSA Ha OCHOBE coeauHenuii TIN+AI 06nagaoT BbICOKOM aAre3noHHON MPOYHOCTBIO. YCTAHOBMEHO, YTO B MOKPLITUSX
TiN+Al anekTpoucKpoBOe nerpoBaHue MOXeT npuBoauTb K obpasoBauio MAX-thas M BbICOKOSHTPOMMIAHBIX COEAMHEHWA, YTO MONOXUTENBHO
CKasblBaeTCs Ha (PU3NKO-MEXaHMYECKMX CBOWCTBAX (POPMMPYEMBbIX MOKPbITUA. MUKPOTBEPAOCTb WUCCNedyemblX MOKPLITUI MOBbIWeHa B 2-4 pasa
10 CPABHEHMIO C MCXOAHBIMM TUTAHOBLIMW MOANOXKKAaMM. ViccnesoBaHa 3aBUCMMOCTb MUKPOTBEPAOCTM MOKPLITUS OT rMy6UHBI BHEAPEHUS MHAEHTOPA.
3aBNCMMOCTb MPOYHOCTHBIX XapaKTepPUCTUK OT rNyBuHbI BHEAPEHWS WHAEHTOpa anekTpouckposoro mokpbiTna TiC+AI (0,9 k), cdopmupoBaHHOMO
Ha TUTaHOBOM cnnase BT1, HOCUT HENWHENHbIN XapakTep ¢ JKCTPEMyMOM B 0BnacTu TonWHbl NokpbiTus 9-10 MkM. MccnegoBaHbl MPOYHOCTHbIE
XapaKTepUCTVKN 3NEKTPOUCKPOBBIX MOKPLITUIA, CHOPMUPOBAHHBIX GECKOHTAKTHBIM CMOCOGOM W3 TYronnaBkuX MeTannoB. YCTaHOBMEHa BO3MOXHOCTbL

(hOpPMMPOBAHUS NOKPbITUI U3 CUIIMKATHON KepaMuKL, oGnanarou.wlx MOBbILIEHHBIMM 3HAYEHWUSMU MUKPOTBEPAOCTY M aAre31OHHON NPOYHOCTY.

KnioueBble cnoBa: ANEKTPOUCKPOBOE NernposaHne, TBepaoCTb, HAHOKOMMO3NTbI, Kap6|/|,qb| W HATPUAbI TUTaHA.

Introduction

The electric spark alloying (ESA) method using powder materials is a
promising technology for creating new-generation metallic materials and
coatings with improved physical and mechanical properties. ESA of solid
conductive surfaces involves the passage of electrode material between
the electrodes, resulting in a directed ejection of the electrode material.
The anode is predominantly destroyed during the electric spark dis-
charge. Since ESA is carried out in a gaseous environment, this leads to
the fact that under specified conditions, the anode material, which is
mainly in the gas or liquid phase, is applied to the cathode. As a result of
the interaction of the applied material with the cathode material and the
environment, a layer with certain physical and mechanical properties is
formed on the cathode. This layer has a complex chemical composition
and structure and usually contains not only the anode material, but also
solid solutions, chemical compounds, various alloys and pseudo-alloys.
The formation of electric spark coatings leads to a significant change in
the mechanical, electrical, thermal, magnetic, and thermionic properties
of the modified surface layers of solids. The advantages of electric spark
alloying are: high adhesive strength of the coating to the substrate; the
possibility of obtaining coatings from refractory materials without heating
the base material; the surfaces on which ESA coatings are formed do not
require any preliminary preparation; simplicity, reliability and transportabil-
ity of the process equipment [1-23].

Currently, there is insufficient information and knowledge about the
main reasons for the limited life of tools and parts, factors that contribute
to increased wear resistance, and a lack of understanding of the features
of the electric spark process. In addition, there is insufficient practical
experience in working with ESA installations using powder materials to
form coatings. Also, for the successful use of this technological method of
electric spark hardening, there is currently no necessary technological
support for its application. With the high versatility of the electric spark
method of applying metal nanocomposite coatings from powder materi-
als, a system is required to simplify the methodology of their development
to create effective hardening technologies. In this regard, the subject
matter of the presented project is relevant. The main scientific idea is the
use of powder materials of refractory metals and graphite with a certain
percentage of ligands, which allow obtaining nanocomposite coatings of
the appropriate composition and physical and mechanical properties
during the process of electric spark alloying [6-9].

The aim of this work is to study the structure and physical and me-
chanical properties of electric spark coatings formed from powder materi-
als of high-hardness compounds.

Experimental technique

Composite electric spark coatings based on nitrides, carbides, sili-
cides of titanium and aluminum were applied by the method of electric
spark alloying on a specialized installation (Figure 1), allowing the powder
materials to enter the zone of electric spark discharge. Alloy VT1-0 was
used as a substrate for the formation of coatings. The coatings were
applied both to the metal in the delivery condition, which was ground to
9-10 purity class. Figure 1 shows the process flow chart for the formation
of ESA coatings using this technology. To determine the optimal mode, in
which the maximum amount of powder could get into the discharge zone,
the vibration frequency of the processing electrode was slowly varied
from 100 to 30 Hz. The ESA process was carried out in the range of dis-
charge energy valuesfrom 0.3 to 10.0 J. Various powder charge composi-
tions and electric spark discharge parameters were used to form the
coatings (Table 1).

a)

1 — workpiece (cathode); 2 — electrode (anode); 3 — applicator; 4 — hop-
per; 5 — powder feed tube into the working area; a — powder is introduced
into the gap through a tubular electrode; b — powder is introduced from
the side of the processing electrode
Figure 1 - Powder alloying methods

Table 1 - Coating compositions and modes of formation of electro-
spark coatings

Ne Composition of the powder Coating formation mode, J
mixture
1 - -
2 TiC+Al 0.3
3 SiO2 0.3
4 TiN 0.3
5 TiC+A 0.9
6 Al+C 0.3
7 TiN+AI 0.3
8 Al+C 0.9
9 Ti+Al (heat treatment) 0.3
10 Ti (heat treatment) 0.3

The analysis of the structural features of metal coatings and their
subjected to various types of processing was carried out on a universal
metallographic complex manufactured by ZAO Spectroscopic Systems.

The features of the boundary layer structure in functional composite
materials were studied using modern methods: scanning electron micros-
copy, atomic force microscopy, X-ray diffraction analysis (DRON-3.0)
using standard techniques. X-ray diffraction analysis was used to deter-
mine the structure of thin-layer vacuum coatings. X-ray patterns were
obtained on a general-purpose X-ray diffractometer DRON-3.0 using a
standard technique, using the radiation of the Ka line from aotube with a
copper anticathode, filtered at a wavelength of A = 1.54051 A. To meas-
ure the microhardness of coatings formed on metals, a hardness tester
"Mikrosize uvicky" was used. The operating principle of the device is
based on changing the linear value of the diagonal of the imprint ¢, ob-
tained by pressing a diamond pyramid into the material under study under
a certain load. A tetrahedral diamond pyramid with an angle of 136° be-
tween opposite faces was used for the studies, the load on the pyramid
was 0.5 N. The thickness of the formed coatings was within ~ 60 ym.
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Research results

According to the X-ray phase analysis data, low-dimensional objects
and MAX phases (Figures 2, 3) are possible in the electric spark coatings
obtained by the contactless formation technology, which is confirmed by
the presence of diffraction maxima in the areas of 2©~38°, 53°, 61° (Fig-
ure 2a) and 26~43¢, 73° (Figure 3b). The coatings were formed under
standard environmental conditions by combining powder materials based
on titanium carbide (TiC), aluminum (Al), carbon (technical graphite),
titanium nitride (TiN), aluminum nitride (AIN) according to the technology
shown in Figure 1.
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a - TiC+Al coating, b — Al+C
Figure 2 — X-ray diffraction patterns of ESA coatings formed using a
contactless method

In works [9-11] a qualitative method of determination of adhesive in-
teraction between a solid substrate and a metal, ceramic coating obtained
by various technological methods is proposed. The essence of the meth-
od lies in pressing an indenter in the form of a cone with an angle of 120°
and a radius of curvature of the pin of 0.2 mm under a load of 150 kgf.
Standard testing equipment is used for carrying out measurements, in
particular, a Rockwell hardness tester. The holding time of the indenter in
the coating under study is 6 s. After removing the load and extracting the
indenter, the resulting imprint is studied using a metallographic optical
microscope. The degree of adhesion of the coating is determined by
studying the shape of the imprint. A variational series of images of the
test results is constructed from good samples with a small number of
cracks to samples in which complete peeling of the coating from the sub-
strate is observed (Figure 4).
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Figure 3 — X-ray diffraction patterns of ESA coatings formed using a
contactless method
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Figure 4 - Types of standardized coating failure prints according to DIN
4856:2018-02 and VDI 3198
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The results of the tests carried out according to DIN 4856:2018-02
and VDI 3198 are shown in Figure 5. According to the obtained data, the
TiC+Al and SiO: electrospark coatings can be classified as HF5, the SiO2
coating as HF4, and the TiN+Al coating as HF1 [12]. The high adhesive
strength of coatings based on the TiN+Al system is most likely due to the
fact that the use of aluminum allows increasing the plasticity of the coat-
ing while maintaining high strength characteristics. It is also possible to
form compounds of the MAX phase type or high-entropy phases, since
the substrate and coating contain the required amount of chemical ele-
ments to form these compounds, and the deposition process modes
create the necessary physicochemical conditions for reactions that con-
tribute to the formation of highly hard, plastic compounds. The scratch
analysis method was used to determine the values of the adhesive inter-
action of the studied coatings sprayed by a contactless electrospark
method onto metal substrates. The optimum mode, in which the highest
values of adhesive interaction can be achieved, was determined with the
following process parameters: the vibration frequency of the processing
electrode was slowly varied from 100 to 30 Hz. Both industrial and exper-
imental installations were used as sources of pulse discharges. The ESA
process was carried out in the range of discharge energy values from 0.3
to 10.0 J. The results of the studies are presented in Figure 6.

The conducted studies to determine the microhardness values of elec-
trospark coatings formed using contactless technology allowed us to estab-
lish an increase in the strength characteristics of modified titanium sub-
strates by 1.3-5 times. The conducted studies to study the strength charac-
teristics of electrospark coatings, in particular using the dynamic indentation
method, showed an increase in the hardness values of titanium substrates
after the formation of electrospark coatings obtained using contactless
technology (Figure 8). To form the coatings, various powder charge compo-
sitions and electrospark discharge parameters were used (Table 1).

&
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o thes — i

a—TiC+Al; b - SiOz; ¢ - TiN; d - TiN+AI
Figure 5 — Surface morphology of spark-ignition coatings after testing for
adhesion strength according to DIN 4856:2018-02
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a) Al+C; b)TiC+Al; c) Ti+AIN
Figure 6 — Morphology of the indentation surface during scratch analysis of the coating obtained by non-contact electric spark alloying

According to the data presented in Figures 4-6, it is evident that the
highest adhesive strength is possessed by Ti+AIN coatings formed by the
contactless method of electrospark alloying. Actual partial peeling of the
coating is observed at normal load values in the region above 20 N.
Whereas for Al+C, TiC+Al coatings, the onset of loss of adhesive strength
begins at values of 10-15 N. Sufficiently high values of adhesive strength
for Ti+AIN-based coatings are due to the application of a thermodynami-
cally compatible titanium sublayer to the VT1 alloy by the electrospark
method, which ensures good diffusion of the sublayer into the metal base.

Further deposition of the AIN-based coating, which is actually a ce-
ramic and dielectric material, leads to the formation of surface layers with
high physical and mechanical properties. High adhesive strength of the
AIN layer to the metallic titanium sublayer is ensured by the fact that the
entire process of forming this composite electrospark coating takes place
in a single technological cycle. The results of determining the values of
the adhesion work of the coatings to the titanium substrate correlate well
with the scratch analysis data. The morphology of the electrospark coat-
ings is quite developed. On the surface of the formed layers of refractory

metals, a certain number of microroughnesses and voids are observed,
which can be identified as closed pores and protrusions, as well as
cracks (Figure 7).

The interest in the use of dynamic indentation to determine the hard-
ness of materials is due to the fact that this approach allows us to deter-
mine the hardness under dynamic effects that constantly occur when
using products in real operating conditions. While the methods of hard-
ness testing (it is possible to consider as a special case of strength) ac-
cording to Brinell, Rockwell, Vickers determine hardness statically, which
in some cases does not provide complete information on the strength
characteristics of materials used in structures that are operated under
dynamic conditions. Determination of hardness values by the Leib meth-
od (dynamic indentation) is carried out according to the formula:

HL = 1000(vs/va), (1)
where Va is the speed of the spherical indenter falling before interacting

with the surface of the measured material, i is the speed of the spherical
indenter rebound after interacting with the surface of the studied material.
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Figure 7 — Morphology of ESA coatings

Based on the conducted studies, it is evident that the Leyd hardness
values increased from 6 to 22 % compared to the original titanium mate-
rial. Taking into account that the method of electric spark alloying is a
surface hardening technology with a hardening zone thickness of approx-
imately 40-60 ym, and the method of dynamic indentation leaves an
imprint from the indenter with a depth of about 100 ym or more, the ob-
tained hardness values indicate a significant modification of the surface
layers of metal substrates when applying superhard coatings by the
method of contactless electric spark alloying. The conducted studies of
hardness by the Vickers microindentation method confirm the results
obtained by the dynamic indentation method. Studies were conducted to

study the microhardness of the titanium substrate depending on the depth
of indenter (Figure 9). According to the obtained results, the microhard-
ness of the surface layers of the original titanium (VT1 alloy) is not a
constant value and changes depending on the depth of indenter penetra-
tion into the material under study. This dependence of the strength char-
acteristics on the thickness of the surface layer coincides well with the
theoretical and practical results associated with the structure of the sur-
face layers of a solid.

The conducted studies on the microhardness of electric spark coatings
formed on a titanium substrate made of VT1 alloy show an increase in the
microhardness values for all types of formed ESA coatings (Figures 10, 11).

-8
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Figure 8 — Hardness values of electrospark coatings formed using con-

tactless technology on titanium substrates
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Figure 9 — Dependence of the microhardness of the titanium alloy VT1
on the depth of indenter penetration
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Figure 10 — Microhardness values of electrospark coatings formed by
contactless technology on titanium substrates
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Figure 11 - Dependence of the microhardness of the TiC+Al (0.9 J) elec-
tric spark coating formed on the VT1 titanium alloy on the depth of in-

denter penetration

The dependence of the strength characteristics on the indenter pene-

tration depth, as well as in the case of the control sample, is nonlinear. An
extreme point is observed in the region of a coating thickness of 910 pm.
The strength characteristics of electrospark coatings formed by a contact-
less method from refractory metals were studied.

Conclusion
The conducted studies have shown that the coatings formed by the

ESA method have increased strength and adhesive properties. This ef-
fect is due to high values of the physical and mechanical properties of the
deposited metals and alloys. The conducted studies to determine the
adhesion characteristics using scratch analysis and Rockwell methods
have shown that coatings based on TiN+Al compounds are characterized
by high values of adhesive strength. This effect is explained by the ther-
modynamic compatibility of the applied spark coating and the titanium
substrate, which ensures good diffusion of the sublayer into the metal
base. In TiN+Al coatings, spark deposition can form MAX-phases and
high-entropy compounds, which has a positive effect on the physical and
mechanical properties of the formed coatings. It is shown that the micro-
hardness values of the studied coatings exceed the values of the original
titanium substrates by 2-4 times. The microhardness values depend on
the composition of the applied powder materials, as well as the energy of
the electric discharge in the area of obtaining the superhard coating.

The work was carried out with the financial support of the BRFFR

within the framework of the T22MLDG-004 project.
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Abstract

Ultra-rapid quenching from the melt makes it possible to obtain a significant refinement of the structural components of alloys, a significant increase
in the mutual solubility of components during the formation of solid solutions, and the release of metastable phases. When using the ultrafast quenching
method, the cooling rate of the liquid reaches 105 K/s and higher. Aluminum alloys doped with bismuth and lead can be used to generate hydrogen by
their interaction with water. During ultra-fast quenching from the melt, a microcrystalline structure is formed containing dispersed precipitates of the
second component. Foils of the Al-1.5 wt. % Pb alloy are obtained from a melt droplet weighing approximately 0.3 g, injected onto the inner polished
surface of a rapidly rotating copper cylinder, where it spreads and solidifies into a foil. The estimated cooling rate of the melt reached 106 K/s. A cellular
structure is formed in the Al-1.5 wt. % Pb foil layer adjacent to the free surface. Dispersed lead particles are located at the cell boundaries and in the cell
volume. The shape of the lead particles is close to spherical, which is due to the minimum value of the surface energy of the alloy. Isothermal annealing
of rapidly solidified foils of the alloy under study at 295 °C did not have a significant effect on the average diameter of lead particle cross-sections, while
annealing at 400 °C caused their monotonous growth. With an increase in the annealing temperature above 400 °C, a stronger growth of lead particles
located at the grain boundaries is observed than in the volume of their cells. In rapidly solidified foils of the alloy under study, a (111) texture is formed.
This is explained by the fact that in the direction of heat removal, predominantly those grains grow whose {111} planes coincide with the interphase
boundary and are parallel to the crystallizer surface.

Keywords: ultra-rapid quenching from melt, rapidly solidified foils of monotectic alloy Al-1.5 wt.% Pb, cellular structure, dispersed lead particles.

MUKPOCTPYKTYPA BbICTPO3ATBEPAEBLLEIO CMNJTABA Al-1.5 MACC. % Pb
B. W. TnapkoBckun, T. J1. KywHep, 10. B. Makcumos, A. U. Munuyk, B. T. LWenenesuy

Pedepar

CaepxbbicTpas 3akanka W3 pacnnasa no3BONseT MonyyYnTb CyLIECTBEHHOE W3MembYeHNe CTPYKTYPHbIX COCTaBASIHOLWX CMIaBoB, 3HAUNTENbHOE
YBENWYEHNE B3aMMHON PacTBOPUMOCTI KOMMOHEHTOB NpK 06pa3oBaHny TBEPAbIX PaCTBOPOB, BbiAENeHNe MeTacTabunbHbIx das. Mpu ncnons3oBaHnm
MeToAa CBepXObICTPON 3aKanki CKOpOCTb oXnaxaeHus xuakoctu gocTuraet 105 Kic u Bblwe. Cnnasbl anioMUHWS, NErMpoBaHHbIE BUCMYTOM W
CBWHLIOM, MOTYT MCMOMb30BaTbCA ANS FeHepupoBaHWs BOJOPOAA MpU WX B3aMMOAENCTBMM C BOAOW. Mpu cBepxBbICTPOM 3akanke M3 pacnnasa
MpoucxoanT GOPMUPOBaHIE MUKPOKPUCTAMNNYECKON CTPYKTYPbI, COAepXKallei AUCnepCHble BblAENeHns BTOporo komnoHeHTa. ®onbru cnnasa Al-1,5
macc. % Pb monyyeHbl M3 kanmu pacnnaea Maccoi mpumepHo 0.3 T, MHXEKTMPYEMOW Ha BHYTPEHHIOO MONMMPOBAHHYID MOBEPXHOCTb BbICTPO
BpalLatoLerocs MeaHoro LMnuHapa, rae oHa pactekaeTcs W 3aTepfeBaeT B Bue onbru. PacyeTHas CKOpOCTb OXNaxaeHns pacnnasa gocturana
106 Kic. B cnoe cponbru Al-1,5 macc. % Pb, npumbikatoen k cBoBoaHON NOBEPXHOCTH, hopMUPYETCS suencTas CTpykTypa. Ha rpaHuuax sueek u B
obbeme fueek pacnonaranuch AuCnepcHble YacTulbl CBMHLA. Popma yacTul cBMHUA 6rmska K wapoobpasHoil, YTo 06yCroBneHo MUHUMaNbHBIM
3HAYEHNEM MOBEPXHOCTHOI 3Heprum cnnaea. M3otepmuyeckuin omxur GbicTpo3aTBepaeBLLMX orbr uccnegyemoro cnnaea npu 295 °C He okasan
CYLECTBEHHOTO BAMAHUA HA CPEAHMIA AMaMeTp CeyeHWi yactul cauHua, a omxur npu 400 °C BbI3bIBAET UX MOHOTOHHbINA pocT. C yBenuyeHnem
Temnepartypbl omkura Boilwe 400 °C HabniogaeTcs 6onee CUMbHBIA POCT YacTUL, CBMHLA, HAXOAALLMXCA HA rpaHNLaXx 3epeH, Yem B 0bbeMe nx syeex.
B 6bicTpo3aTBepaeBLLMX homnbrax uccrnegyemoro cnnasa obpasyetcs Tekctypa (111). 310 obbscHseTCA Tem, YTO B HanpaBneHWW TennooTeoAa
pacTyT NPenUMyLLECTBEHHO Te 3epHa, Y KOTOpbIX MockocTh {111} coBnaaaloT ¢ MexdasHol rpaHnLen u napannenbHbl NOBEPXHOCTU KpUCTannm3aropa.

KntoueBkle cnioBa: cepxbbiCTpas 3akanka u3 pacnnasa, ObicTposaTBepaesLume onbr MoHoTekTYeckoro cnnasa Al-1.5 macc.% Pb, suenctas
CTPYKTYpa, ANCNEPCHbIE YaCTULbI CBUHLA.

Introduction

Technological processes in metallurgy make it possible to give met-
als and alloys the required mechanical properties and structure, and to
change their physical and chemical properties to achieve the necessary
performance characteristics of modern structures and products.

In recent decades, innovative approaches to the development and pro-
duction of new materials have been actively developing. One of these new
scientific directions is the production of metals and alloys from the liquid
phase by the method of ultrafast quenching from melt, at which the liquid
cooling rate reaches 105 K/s and higher. The term "ultra-fast melt quench-
ing" refers to a process operation involving the rapid cooling of the melt.

The use of such a cooling rate leads to the formation of one or another
metastable state. The value of this rate depends on both the type of alloy
and the nature of metastability. High-speed solidification of materials allows
obtaining various states: amorphous, quasi-crystalline and microcrystalline.
This type of hardening causes a significant grinding of structural compo-
nents, a significant increase in the mutual solubility of components during
the formation of solid solutions, and the release of metastable phases.
To achieve the required cooling rates (107 — 100 Ks), technological solu-
tions are required that differ significantly from traditional casting methods.
The main method for ultra-fast melt quenching is to cool the melt by remov-
ing heat through a solid substrate through thermal conduction.
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The main condition for ultra-fast cooling in this case is that the thick-
ness of the melt in the direction of heat transfer should be as small as
possible. For effective heat removal, good contact of the melt with the
coolant, high thermal conductivity of the coolant, and an increase in the
heat transfer coefficient at its boundary with the heat-conducting sub-
strate are also important.

According to the type of cooling, there are three methods of ultra-fast
melt quenching: single-sided, double-sided and multi-sided cooling. Sin-
gle-sided cooling methods involve the injection of droplets or a melt jet on
a well-dissipated heat removal substrate. The increase in the contact
area is achieved by spreading the drop upon impact with the substrate.

The formation of a thin layer of liquid that is in good thermal contact
with the heat receiver is based on the use of contact between the thin
liquid belt and the moving cooling substrate. In the spinning method, a
drop of molten metal hits the polished surface of a fast-rotating copper
cylinder and solidifies in the form of foil.

The structure of rapidly solidified foils differs significantly from the
structure of massive samples obtained at low and medium cooling rates,
and also has features compared to the structure of rapidly solidified met-
als with a higher melting point. Micro- and nanocrystalline materials ob-
tained by ultra-fast quenching from the melt have characteristics almost
equal to those of amorphous metals and have greater thermal stability.
This has generated interest in rapidly cooled alloys with a low melting
point. Aluminum-based alloys are quite dependent on the rate and history
of cooling and are well modified by annealing, cold working, and other
methods of external action.

Alloys of the aluminum-lead system, in which monotectic transfor-
mation takes place at 659 °C and eutectic transformation at 327 °C, are
used in mechanical engineering as antifriction and damped materials
[1,2, 3] In alloys of the Al-Pb, Al-Bi, Al-In and other systems, stratifica-
tion into two liquids occurs, one of which is enriched with aluminum, and
the other with an alloying element [3]. There have been reports of the use
of aluminum alloys doped with bismuth and lead to generate hydrogen
when interacting with water [4, 5]. Studies have been carried out on the
interaction of aluminum with water at high pressures and temperatures in
order to produce hydrogen [6-10]. In recent decades, research has been
actively carried out on materials synthesized under highly non-equilibrium
conditions, for example, during ultrafast melt quenching, when the cooling
rate reaches 108 K/s [11-13]. Studies of the influence of external energy
influences, in particular, a weak magnetic field, on the physical and me-
chanical properties of non-magnetic metals are also being actively inves-
tigated [14, 15]. In case of ultra-rapid quenching, a microcrystalline struc-
ture is formed, containing dispersed precipitates of the second compo-
nent. It has been established that rapidly solidified alloys of the Al-Bi
system interact with water at room temperature and normal atmospheric
pressure, forming aluminum oxides and generating hydrogen [15, 16],
which can be used immediately after its release. In this regard, the study
of the structure and properties of rapidly solidified foils of the monotectic
alloy Al-1.5 wt.% Pb, as well as their stability, is relevant and has scien-
tific and practical significance.

Experimental methods

Monotectic alloy Al-1.5 wt. % Pb is made by fusing the components in a
quartz ampoule. The purity of the components used is 99.99. The foils are
obtained from a drop of melt weighing = 0.3 g, injected onto the inner pol-
ished surface of a rapidly rotating copper cylinder, where it spreads and
solidifies into a foil [17]. In the study of the structure, fast-hardened foils with

a

a thickness of 40-70 pm were used. The estimated cooling rate of the melt
reached 108 K/s. The study of the structure of the foils was carried out on
aLEO 1455VP scanning electron microscope with a special “HKL CHAN-
NEL 5" attachment. X-ray spectral microanalysis of rapidly solidified alloy
foils was carried out using a Rontec detector. X-ray structural studies were
performed on the Ultima 1V diffractometer using copper radiation. The pole
densities of the diffraction lines of the inverse polar figures were calculated
using the Harris method [18]. The parameters of the microstructure (grain
size and specific surface energy of grain boundaries) were determined by
the method of random secant cross-sections of grains [19]; the measure-
ment error was 5-8 %. The microhardness of the foils was measured using
amicrohardness tester using a load of 3 g.

Results and discussion

To study the structure and properties, rapidly solidified foils were
used, the length and width of which reached 10 and 1 cm, respectively.
Micron-sized cavities were observed on the mirror surface (A) of the foil in
contact with the crystallizer. Due to the decrease in heat transfer in this
area of the foil, the cooling rate of the melt decreased, which led to the
appearance of lead particle precipitation on the surface of the cavities.
The opposite surface of the rapidly solidified foil (B) had a bumpy struc-
ture. A cellular structure was observed on it (Figure 1); the size of the cell
cross-sections varied in the interval from 2 to 8 um. Dispersed lead parti-
cles were located at the cell boundaries and in the cell volume.

Electron microscope image
.

10um

Figure 1 - Cellular structure of surface B of rapidly solidified
Al-1.5 wt.% Pb alloy foil

The cross-sectional image of the rapidly solidified Al-1.5 wt.% Pb al-
loy foil is shown in Figure 2. Layers a and b are adjacent to the foil sur-
faces A and B, respectively, and layer c is located in the middle part of
the foil. Layer a has more dispersed lead particles than layers b and c. As
the crystallization front moves from surface A to B, enlargement of lead
particles is observed, which is associated with a decrease in supercooling
of the liquid phase. The shape of lead particles is close to spherical,
which is due to the minimum value of the surface energy of the alloy [20].

Figure 2 — Cross-sectional microstructure of Al-1.5 wt.% Pb alloy foil. (a, b are the foil layers adjacent to its surfaces A and B, respectively,
c is the middle part of the foil)
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Distributions of cross-section diameters of lead particles of the Al-1.5
wt.% Pb alloy by size groups in layers a, b and c are characterized by the
presence of a maximum. The average size of lead precipitates in the foil
increases as the crystallization front moves. The structure of foils and
massive samples was compared. In massive samples obtained at cooling
rates of 102 and 102 K/s, the average size of lead particles is 15 and
1.2 um, respectively, and in layers a, b, and ¢ of rapidly solidified foils,
0.11,0.13, and 0.15 pm, respectively.

Isothermal annealing of quickly solidified foils of the alloy under study
was performed for eight hours at temperatures below and above the
melting point of lead. Annealing at 295 °C did not have a significant effect
on the average diameter of lead particle cross-sections, while annealing
at 400 °C caused their monotonous growth.

During high-speed solidification, due to significant supercooling of the
melt, lead atoms are “captured” by aluminum precipitates. According to
the data of work [21], devoted to the study of the effect of supercooling on
the decomposition of a supersaturated aluminum-lead solution, it was
found that when the melt is supercooled by more than 20 °C, lead
nanoclusters are formed in it. During high-speed cooling of the melt [12],
supercooling in the layer adjacent to the crystallizer surface reaches
200 °C, which promotes the formation of dispersed lead deposits. When
the crystallization front moves from surface A to surface B, due to the
release of heat during crystallization, the value of supercooling of the
liquid phase decreases, which causes an increase in lead deposits and
the formation of a cellular structure.

When the alloy is cooled below the eutectic temperature, the remain-
ing lead-rich liquid undergoes a eutectic transformation, which produces
lead and aluminum precipitates. The aluminum precipitates are adjacent
to the previously solidified aluminum. Lead deposits are located at the
grain boundaries of the main component; they are larger compared to
previously formed lead particles and localized at the cell boundaries and
inside them. This difference is 2—4 times.

Rapidly solidified foils of the monotectic Al-1.5 wt.% Pb alloy have a
microcrystalline structure. Figure 3 shows images of the grain structure
on the A side of the foil.

-
I - 1 00 pm: Map2; Step=1.5 pm; Grid216x162

Figure 3 — Grain structure of rapidly solidified Al-1.5 wt.% Pb alloy foil on
surface A.

The random intercept method was used to determine the distribution
of chords on grain cross-sections by size groups and presented as histo-
grams in Figure 4. The maximum proportion of chords falls on the size
group from 20 to 40 pm. The parameters of the grain structure were de-
termined. The average values of the chord lengths on grain cross-
sections on surfaces A and B are 31 and 30 um, respectively. The aver-
age value of the grain size is 52 and 50 um, respectively. The specific
surface area of the grain boundaries is 120 ym-!.
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Figure 4 — Histogram of the distribution of chords of random secants on
the sections of grains of rapidly solidified foils of the Al-1.5 wt.% Pb alloy
in the initial state on the surface A (a) B (b)

Dimensional groups, pm

In rapidly solidified foils of the alloy under study, a preferred grain
orientation is formed. Figure 5 shows the pole figures of the {111} planes
of aluminum on the surface of foil A. Gnomostereographic projections of
the {111} planes of aluminum are located predominantly in the center of
the projection circle or at a small distance from it, which indicates the
formation of the {111} texture. A weaker similar texture is formed in the
foil layer adjacent to the free surface, i. e. the texture of the rapidly solidi-
fied foil {111} is retained as the crystallization front moves.

11} i

* .

Figure 5 - Pole figure of the gnostereometric projections of the {111}
planes of the aluminum foil of the Al-1.5 wt.% Pb alloy on the surface A

The formation of aluminum texture (111) in rapidly hardened foils is
confirmed by the calculation of the inverse pole densities of aluminum
diffraction lines presented in Table 1. Pole densities were calculated
using the Harris method. Texture formation (111) has been observed
previously in fast-hardened foils of other aluminum alloys with other ele-
ments [22, 23].

Table 1 - Pole densities of diffraction lines of rapidly solidified foils of
Al-1.5 wt.% Pb allo
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Diffration Annealing temperature, °C
reflections 20°C | 180°C | 350°C | 470°C | 600°C
200 0,2 0,2 0,3 0,2 0,2
220 05 0,4 0,4 0,4 04
311 0,3 04 0,3 0,3 0,3
222 47 47 4,6 4.7 4.7
331 0,2 0,2 0,2 0,2 0,2
429 0,1 0,1 0,2 0,2 0,2
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The rationale for the formation of the (111) texture in aluminum is given
in [24, 25], which presents the results of calculating the energy barrier dur-
ing the movement of the crystal-liquid interphase boundary for various crys-
tallographic planes. It has been established that its value takes a minimum
value for the interphase boundary coinciding with the {111} planes. There-
fore, in the direction of heat removal, predominantly those grains grow
whose {111} planes coincide with the interphase boundary, i. e. are parallel
to the crystallizer surface, thereby forming the (111) texture.

A study was conducted on the effect of annealing on the texture of
the foils of the alloy under study. It was found that in the annealing tem-
perature range from 20 to 600 °C, the pole densities of diffraction reflec-
tions change by no more than 0.1, i. e. the texture of rapidly solidified foils
is preserved, which may be due to the presence of liquid dispersed lead
deposits at the grain boundaries.

Rapidly solidified foils of the investigated Al-1.5 wt.% Pb alloy are in an
unstable state. Thus, holding rapid solidified foils at room temperature for
2 hours leads to an increase in microhardness by 20 %, which is explained
by the decomposition of the supersaturated solid solution based on alumi-
num, causing the release of strengthening dispersed lead particles.

A subsequent increase in the exposure of foils at room temperature
does not change their microhardness. However, with an increase in the
annealing temperature above 400 °C, there is a stronger growth of lead
particles located at the grain boundaries than in their cell volume (Figure 6).
Most likely, this is due to the fact that the diffusion processes that cause the
movement of lead atoms in the area of grain boundaries proceed more
intensively than in their volume at the same annealing temperature.

08

d, um

t°C

200 250 300 350 400 450 500 550 600 650

Figure 6 — Dependence of the average diameter of lead particles
of the Al-1.5 wt.% Pb alloy located at grain boundaries (1) and in the bulk
of cells (2) on the annealing temperature

Conclusions

Thus, a cellular structure is formed in the Al-1.5 wt. % Pb foil layer
adjacent to the free surface. The size of the cell sections varied in the
range from 2 to 8 uym. The diameter of the lead particle cross-sections
increases monotonically with the movement of the crystallization front
from 0.1 to 0.3 pm. The average grain size in the foils is 51 pm, and the
specific surface area of the grain boundaries is 120 um-*. In rapidly solidi-
fied foils of the alloy, a (111) texture is formed. Annealing the foils above
400°C causes a decrease in the density of lead particles and an increase
in the diameter of their cross-sections. The texture of the foils of the
1.5 mass. % Pb alloy is retained upon annealing up to 600 °C.
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Abstract

This research considers indirect methods for modelling values of photosynthetically active radiation (PAR) from shortwave radiation data in
the Republic of Belarus. The authors performed calculation and modelling in three models. Model 1 (the Ross and Tooming formula) is a universal one
and does not take into account the area latitude. The PAR coefficient (gf) here is 52 % of the shortwave radiation. Models 2 and 3 were proposed by
the Meteorological Observatory of Moscow State University and applied to the territory of Belarus. One of them was adjusted for Belarus area
particularly. The results of calculation by model 2 show that the PAR coefficient (qf) for Belarus is 46-47 % of the shortwave radiation at different times
of the year. Thus, PAR ranges from 1500 MJ/m?2 to 1600 MJ/m2 around Belarus in the vegetation period. The PAR values calculated in the third model
range from 1540 MJ/m?2 in Vitebsk and Braslav to 1630 MJ/m? in the area of the Polesskaya station. In central Belarus, PAR is 1560-1580 MdJ/m2.
The comparison analysis of the modelling results with each other and the results of similar research in the neighboring countries shows advantages and
drawbacks of the models under consideration. The calculation results are visualized on the maps created by the authors to show the distribution
of photosynthetically active radiation over the territory of Belarus. The spatial distribution of PAR across the territory of Belarus goes in the direction
from northwest to southeast.

Keywords: photosynthetically active radiation, shortwave radiation, modelling, spatial distribution of PAR, Belarus.

MOLOENUPOBAHWUE ®OTOCUHTETUYECKU AKTUBHOW PALIMALIUM B YCNOBUSAX PECMYBNNKU BENAPYCb
0. N. Mewwk, M. B. Bopywko

Pechepar

B pabote paccmaTpuBalOTCs KOCBEHHbIE METOAMKM MOLENMPOBAHUS 3HAYEHUI CyMMapHOM (DOTOCMHTETUYECKW aKTWBHOW papmaumn (GAP)
Ha OCHOBE [JaHHbIX O CyMMapHOi KOPOTKOBOMNHOBOM paauaLmuv B Pecnybnuke Benapycb. BbinonHeHb! pacyeTsbl 1 MOLENMpOBaH1e Mo TPEM MOAENSM.
YHuBepcanbHas mogens 1 (chopmyna Pocca-ToomuHra) He yuuTbiBaeT WwmpoTy mMectHocTh. KoadbdmumeHnt ®AP (qr) no dopmyne Pocca-ToomuHra
cocTaenseT 52 % oT KopoTKOBONMHOBOW paamauun. Mogenu 2 u 3 npegnoxeHsl cneynanuctamu Meteoponorudeckoir obcepsatopumn MockoBekoro
roCyAapCTBEHHOrO YHUBEPCWUTETA W MpUMEHeHbl K Tepputopun Pecnybrvku Benapycn. OpHa u3 HWX aganTupoBaHa aBTOpami WMEHHO Ans
Tepputopun benapycu. PesynbTatbl pacyeta no mogenu 3 nokasbiBaT, YTo koadduumeHt ®AP (qf) ans Benapycu coctaenset 46-47 % ot
KOPOTKOBONTHOBOW pafuauuu B pasHoe BpeMsi roaa. Takum obpasom, GAP konebnetcs ot 1500 MOx/m2 go 1600 MIx/m2 no Tepputopum Benapycu
B TeUYEHMe BereTaLMoHHOro nepuopa. BennunHbl ®AP, paccuntaHHble No TpeTbel Mogenu, Bapbupytotes o 1540 MOx/m2 B Butebeke u Bpacnase
1o 1630 MIx/m? B paitoHe cTaHummn lMonecckas. B ueHTpanbHoit Yactu Benapycu ®AP coctasnsieT 1560-1580 MOx/m2. CpaBHUTENbHBIA aHanu3
nomny4eHHbIX pe3ynbTaToB Mexay coboii 1 ¢ NoA0BHBIMM MCCNENOBaHNSMM B COCEAHNX PErMOHAX BbISIBUMN NPEUMYLLECTBA U HEOCTATKM UCCTIeaye MbIX
mogeneit. MonyyeHHble pesynbTaTbl BbIYMCTEHUIA BU3yanu3MpOBaHbl HA KapTax, MOCTPOEHHbIX aBTOpPaMW C LieMbl HarmsgHON [eMOHCTpauum
pacnpefeneHnst CyMMapHoi (hOTOCUHTETUYECKM aKTMBHOW paawauuv Ha Tepputopumn Pecnybnuku Benapych. MMpocTpaHCTBEHHOE pacnpefeneHue
(hOTOCMHTETNYECKM aKTUBHOI paguaLm no Tepputopumn benapycy uaeT B HanpasneHun ¢ ceBepo-3anajaa Ha toro-BOCTOK.

KnioueBble cnoBa: POTOCMHTETUYECKW aKTUBHAs pagmaLysl, KOPOTKOBOMHOBAs paguvaLysi, MOLENMPOBaHME, MPOCTPAHCTBEHHOE pacnpeaenexme
O®AP, Benapycb.

Introduction by quanta not of the entire spectrum of sunlight but only of the blue-violet
Most biochemical processes in living nature, including photosynthesis, ~ and orange-red parts which are called photosynthetically active radiation
occur thanks to solar radiation. Chlorophyll molecules in plants are activated ~ (PAR). Its wavelength ranges from 400 to 700 nm (Figure 1).

Ultraviolet Visible Infrared

100 280 315 400 700

Figure 1 — Sunlight spectrum, PAR
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Data on PAR are sought after in agricultural engineering, plant grow-
ing, forestry and other industries. It is necessary to know PAR values to
study the productivity of vegetation, and therefore to forecast and possi-
bly increase crop yields in different areas by using different agricultural
techniques. Organic substances generated during photosynthesis make
up 90-95 % of dry plant biomass. Therefore, the main way to increase
crop yields is to increase the photosynthetic productivity of plants and the
PAR utilization coefficient, for instance, by supplementary lighting of
plants in agricultural seedling production [1] or creating optimum condi-
tions for growing plants in greenhouses [2, 3]. Data on direct, diffuse and
total radiation are used not only in agriculture, agrometeorology and hy-
drometeorology but also in industries such as construction, utilities, solar
engineering, healthcare, fisheries, peat extraction and refrigeration.

Researchers worldwide are developing empirical PAR models that
can satisfactorily predict PAR at different locations [4]. The models are
different for different climates. The authors propose to use easily observ-
able meteorological parameters [5-8].

Knowing the inflow of PAR in a certain area allows calculating the
value of the potential biomass of plants in the area. A. A. Nichiporovich
[9] developed a method to calculate a potential yield. It includes the inflow
of PAR and a coefficient of its utilization. His approach has become wide-
spread. The potential yield of absolutely dry mass is determined by the
formula

y = ZQp*K
105+g’

(1)

where Y is a biological yield of absolutely dry plant mass, t/ha; > Qp is the
amount of PAR during the vegetation period of a crop in a certain area,
billion kcal/ha; K is a designed utilization coefficient of PAR, %; g is the
amount of energy released when 1 kg dry plant biomass is burnt, kcal/ha;
10%is conversion of kg to tons.

Although there are attempts to learn how to measure PAR by in-
strumental methods [10], for practical purposes it makes sense to model
the PAR values in a certain area (farm) based on the data on shortwave

Table 1 - Total shortwave radiation in Belarus (Q), MJ/m?

solar radiation observed at the nearest actinometric station. In the Repub-
lic of Belarus, solar radiation observations are carried out only at three
meteorological stations: Minsk, Vasilevichi, and Polesskaya. The data-
base with their actinometric observations is stored in the Republican
Hydrometeorological Centre.

Modelling PAR

The sums of shortwave radiation registered at weather stations can
be converted into the sum of PAR (3 Qear) using the Ross and Tooming
formula developed in the 1960s by Estonian scientists with theoretical
calculations of the energy in the solar radiation spectrum [11]:

Y Qrar = 0,42255S + 0,5825 D, )

where 'S is the sum of direct solar radiation, > D is the sum of diffuse
solar radiation.

Later it became clear that it is more expedient to use a single coeffi-
cient gr to estimate the total PAR instead of two individual ones for direct
and diffuse radiation. Moreover, there are difficulties in accessing data on
direct and diffuse radiation therefore the method of modelling Qear by the
total shortwave radiation Q has become widespread [11]:

> Qrar= 0,525 Q. @)

Since actinometric observation over shortwave radiation in Belarus is
performed only at a few meteorological stations and these measurements
are not enough to receive better differentiated values of PAR for the rest
of the country, it becomes necessary to calculate the values of total Q for
the entire territory of the republic [12]. There are various empirical models
for calculating solar radiation values based on more easily accessible
meteorological parameters, such as cloudiness, sunshine duration, and
ambient temperature. In this study, we used the method described in [13]
to model monthly amounts of total shortwave radiation in Belarus. Table 1
presents the results of the calculation performed. Figure 2 shows a spa-
tial distribution of yearly sums of total shortwave radiation in Belarus [14].

> 2 g g

5 S | 5 | _ ® z | 5§ | &8 | 8| % .

= g = 5 & = = = & S 3 3 3

- i = << = = = < on o = (= >

Brest Region

Brest 73 | 143 291 431 576 618 610 500 341 206 94 51 3933

Polesskaya 61 | 133 281 422 567 607 596 483 323 188 79 39 3909

Pruzhany 60 | 129 277 419 566 609 560 487 326 190 81 38 3782
Vitebsk Region

Vitebsk 46 | 116 266 416 573 622 609 487 318 177 67 25 3719

Verhnedvinsk 54 | 125 277 427 585 633 621 498 328 187 75 32 3840

Lepel 55 | 125 277 425 580 628 617 496 328 187 76 34 3828
Gomel Region

Gomel 71 | 140 288 429 575 618 610 499 389 203 92 49 3912

Vasilevichi 72 | 141 290 430 574 614 606 497 339 204 93 51 3910

Bragin 76 | 145 294 432 576 617 610 501 343 208 97 54 3953
Grodno Region

Grodno 59 | 129 278 422 573 619 610 494 330 191 80 37 3822

Oshmyany 56 | 145 277 423 577 623 612 493 327 188 77 35 3833

Lida 57 | 127 276 421 573 619 610 493 328 189 78 36 3808
Mogilev Region

Mogilev 57 | 127 277 422 574 619 609 492 327 188 78 35 3805

Gorki 56 | 127 278 423 576 622 611 493 327 188 77 35 3814
Minsk Region

Minsk 58 | 127 276 420 571 615 607 494 329 190 80 37 3804

Soligorsk 60 | 129 276 419 566 608 599 487 326 190 81 39 3778

Borisov 57 | 127 277 423 576 622 611 493 327 188 77 35 3812
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Figure 2 — Total shortwave radiation in Belarus (Q), MJ/m?

Comparison of the calculated values of total shortwave radiation with
those measured at the Minsk and Vasilevichi stations shows a sufficiently
high convergence in the results [13], which allows us to apply the theoret-
ical model for calculating integral radiation Q at any geographic point in
Belarus with errors that do not exceed instrumental measurements.
A discrepancy of 20-40 MJ/m2 per month is observed in the summer

months [15, 16]. We consider such a discrepancy in Q values to be insig-
nificant for the warm season. The results of modelling the Q values are
presented in Figure 3 as a map of spatial distribution of the total annual
shortwave radiation in the territory of the Republic of Belarus. The model-
ling considers the total shortwave radiation for the vegetation period with
the average daily air temperature of over 5°C, i. e. from April to October.

4 5 2

N
3180-3200 MJ/m® = ‘r
3200-3220 MJ/ni’
3220-3240 MJ/m’
3240-3260 MJ/m’
3260-3280 MJ/m®
3280-3300 MJim*
3300-3320 MJ/m’

M’

J

y U Fi- ‘

) g3 i

Figure 3 — Total shortwave radiation in April-October, MJ/m?
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Figures 2 and 3 show that the isolines of the total shortwave radiation
do not have a strict latitude direction. The radiation grows from the north-
west to the southeast. Thus, the values of the total shortwave radiation in
the warm season range from 3200 MJ/m? in Pruzhany and Verkh-
nedvinsk to 3320 MJ/m2in Gomel.

In this study, calculation of total PAR (Qrar) was performed with the
use of 3 models. All of them are based on total shortwave radiation data.
The calculation results of all the three models are presented selectively in
Table 2.

Table 2 - PAR values calculated in the models under study, MJ/m?

Model 1 Model 2 Model 3
Brest 1706 1551 1589
Vitebsk 1664 1512 1545
Gomel 1702 1547 1584
Grodno 1684 1530 1566
Minsk 1678 1525 1560
Mogilev 1680 1527 1562

The 1st theoretical model (Qrar = 0,52Q) is mentioned above [11].
The modelling results are depictured in Figure 4.

3 4

1660-1670 MJ/m*

1670-1680 MJ/m*
1680-1690 MJ/m*

1690-1700 MJ/m*
1700-1710 MJ/m*
1710-1720 MJ/m*
1720-1730 MJ/m*

RS a
‘ o«

Figure 4 — Total PAR calculated in model 1 (April-October), MJ/m?

The other two models were developed by the Meteorological Observa-
tory of Moscow State University based on data on total integral radiation
[17]. In order to get more accurate values of PAR using the model
Qrar= grQr, the authors propose calculating a more accurate transition
coefficient of PAR (gy) for specific geographic points using the formula [17]:

gr= 0,451 - 0,0217(sinh)? + 0,0449sinh, @)

where h is the sun elevation at noon.

According to formular 4, the PAR coefficient (qr) for Belarus is 46-47 %
of the shortwave radiation at different times of the year. Thus, PAR ranges
from 1500 MJ/m2 in Volkovysk to 1600 MJ/m?2 at Polesskaya station in the
vegetation period (Figure 5). As we can see, the PAR values calculated
by the formula Qear = qrQir with the transition coefficient gr = 0.46-0.47
adjusted for the territory of Belarus are naturally lower than those calcu-
lated by the traditional formula Qrar = 0.52Q. The spatial distribution of
the total PAR, modelled by the formula Qpar = ¢rQir, MJ/Im2, is shown in
Figure 5.

The third model applied in this study was also developed by the re-
searchers at the Moscow State University Meteorological Observatory.
They propose modelling the total PAR for the warm season of the year
using the formula [17]:

Qpar= 0,4424exp(0,1148sink) Qi (5)

where h is the sun elevation at noon, Qi is the sum of integral irradiance
per day.

The authors claim that the calculation error is 6-8 %, which is even
less than the error in measuring PAR instrumentally.

Modelling of PAR with model 3 is presented in Figure 6. The spatial
distribution of PAR across the territory of Belarus goes in the same direc-
tion from northwest to southeast, which is not surprising, since all the
three models (Figures 4-6) are based on the values of total shortwave
radiation and correlate with its spatial distribution (Figure 2 and 3). How-
ever, the PAR values here are somewhat higher than in model 2
(Qrar = qiQir) where qr= 0.46-0.47 for the territory of Belarus.

The PAR values calculated in the third model (formular 5) range from
1540 MJ/m?2 in Vitebsk and Braslav to 1630 MJ/m? in the area of the
Polesskaya station. In central Belarus, PAR is 1560-1580 MJ/m2,

Comparison of the modelling results shows that the PAR values in
the first model (formular 3) are somewhat overestimated. The calculation
results in models 2 and 3 are more accurate since they take into account
the sun elevation, i. e. the latitude of the area. Moreover, comparing the
modelling results with similar studies in neighbouring regions [18-20],
namely Ukraine, shows that the results of models 2 and 3 are consistent
with the data of the study [18-19] where Qpar in the north of Ukraine
(Kovel, Boryspil) on the border with Belarus is 1650-1670 MJ/m2,
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Figure 6 — Total PAR calculated with model 3 (April-October), MJ/m?

Conclusion

There is a need for agrometeorologists to get PAR data to help solve
problems in the long-term effective planning of agricultural development of
regions. The use of indirect methods for PAR assessment in areas where
there are no regular instrumental measurements can be a good alternative
to complex instrumental measurements of PAR. Modelling of PAR values
based on total shortwave radiation data revealed differences in the calcula-

tion results. Comparison of the calculation results with each other and with
the research done in the neighbouring regions showed that the PAR values
in model 1 are somewhat overestimated while the calculation results in the
2nd and 3rd models are more accurate. The calculation of the total PAR
from shortwave radiation data in Belarus in models 2 and 3 is consistent
with similar results in other regions of the temperate zone.
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Abstract

The current state of reservoirs in urban areas is one of the characteristics of the ecology of the urban system and its social attractiveness.
Therefore, the development of criteria for a comprehensive assessment of reservoirs in urbanized areas in order to develop recommendations for
rehabilitation and maintenance in a good ecological condition is a rather urgent task.

The purpose of the work is to develop criteria for assessing the comprehensive index of the ecological state of reservoirs in urbanized territories,
taking into account the recreational and aesthetic load on the example of water bodies in the south-west of Belarus. The objects of the study are typical
reservoirs of urban areas in the southwest of the Belarus.

Based on the analysis of the results of our own expeditionary and laboratory studies and existing information on reservoirs in the urbanized
territories of the south-west of Belarus, the choice of criteria was substantiated and for the first time a point scale for assessing the complex index of the
ecological state of urban reservoirs was developed, taking into account the current conditions of anthropogenic influence. The criteria for the scoring of
the complex index are based on hydrobiological, hydrochemical, and hydromorphological indicators of the ecological state of reservoirs, their
recreational significance, anthropogenic transformation, trophic state, and environmental degradation.

The results of the developed point assessment of the complexindex of the ecological state of reservoirs in the urbanized territories of the south-
west of Belarus for 2020 are presented. It has been established that the overwhelming majority of urban water bodies in the south-west of Belarus (3/5
of the total) are characterized by a satisfactory ecological status, 1/5 of the studied reservoirs are in poor condition, and 1/5 of the total are in good
condition. The research results can be used to develop recommendations for measures to improve and rehabilitate reservoirs in satisfactory and poor
ecological condition.

Keywords: urban reservoirs, comprehensive index of ecological state, recreational potential, environmental degradation.

KOMMNEKCHAS OLIEHKA 3KONOIrMYECKOr0 COCTOAAHUA BOAOEMOB YPEAHU3UPOBAHHbIX TEPPUTOPUI
IOro-3AnAQA BENAPYCH

J1. A. Knpunuenko, A. A. Bonuek

Pechepar

CoBpeMeHHOe COCTOSHWE BOAHBIX 0OBEKTOB FOPOACKMX TEPPUTOPUIN SBNSETCS OOHOW 13 XapaKTEPUCTHK 3KOMNOrM ypbocucTeMbl 1 €€ coLmansHOM
npvenekatenbHocTH. Mo3Tomy paspaboTka KpUTEpPUEB KOMMNEKCHON OLEHKN BOAHbLIX 06BEKTOB YpOaHN3MPOBaHHbIX TEPPUTOPUIA C Lienbio paspaboTku
pekomeHaaLui no peabunutaumui u NOAAEPKaHMI0 B XOPOLLEM JKOSOMMYECKOM COCTOSHUN NPeACTaBNSeT cobon AOCTATOMHO aKTyanbHyLo 3afady.

Llenb nccnegosanmus — paspaboTtka KputepureB KOMMNEKCHON 6anbHOM OLieHKK 0BLLEro COCTOSHMS BOAOEMOB YpOaHN3MpOBaHHbIX TEPPUTOPUIA Ha
npymepe BOJOEMOB toro-3anaga benapycu. O6bekTbl UccnenoBaHs — TUMMYHBIE BOJOEMbI TOPOACKIX TEPPUTOPUI toro-3anaaa benapycy.

Ha ocHoBaHuM aHanu3a pesynbTaToB COBCTBEHHbIX 3KCMEAWLIMOHHLIX M NabopaTopHbIX MCCMEAOBaHMIA W CyLIECTBYIOLEH WHGOopMaumu no
BofjoeMam ypbaHuanpoBaHHbIX TeppuTOpUiA toro-3anaga benapycu obocHoBaH BbIGOp kpuTepueB W BrepBble pa3paboTaHa BanbHas Lukana OLeHKu
KOMMMEKCHOrO MHAEKCA 3KOMOTMYECKOr0 COCTOSHWS TOPOACKAX BOAOEMOB C YYETOM CIOMXMBLUMXCS YCMOBMIA @HTPOMOTEHHOTO BAUSIHWSA. B ocHOBY
kpuTepneB 6arnbHON OLIEHKM KOMMMEKCHOTO WHOEeKca MONMoXeHbl rmopobuonornyeckue, rapoxMMmuyeckie, ryapoMopgonornyecke nokasarenm
9KONOrMYECKOro COCTOSHUS BOJOEMOB, MX PekpeaLyoHHas 3Ha4MMOCTb, aHTPONOreHHas TpaHchopmaLms, TPOUYECKOE COCTOSHUE W 3KOMNOornyeckas
aerpagaups.

MpuwBoasTCa pesynbTaThl pas3paboTaHHoN BanbHOM OLEHKM KOMMMEKCHOTO MHAEKCA 3KOMOrMYECcKoro COCTOSHWA BOJOEMOB YpOaHW3MpOBaHHbIX
TeppuTopui toro-3anaga benapycu 3a 2020 r. YcTaHoBneHo, Y4To ANs nogaenstowero 6onbLUMHCTBA FOPOACKMX BOLOEMOB toro-3anafa Benapycu
(3/5 yacTn) xapaKkTepeH yOOBNETBOPUTENbHBIA SKOMOMMYECKUIA CTATyC, B MMOXOM COCTOSHWM Haxogutcs 1/5 yacTb M3 uccnegyembix BOJOEMOB, B
xopowem — 1/5 yacTb. Pesynbtatbl uccnegoBaHuin MoryT ObiTb UCMONb30BaHb! AN1s pa3paboTki pekoMeHZaLmMii MEPONPUATU N0 YYYLEHNIO 1
peabunuTaumn BoAHbIX 00BEKTOB, HAXOAALLMXCS B YAOBNETBOPUTENLHOM M MIOXOM 3KONOrMYECKOM COCTOSIHUM.

KnioueBble cnoBa: ropofckMe BOAOEMbI, KOMMNEKCHbIA MHOEKC SKOMOrMYECKOro COCTOSIHUSA, PEKpeaLMOHHbI MOTeHLMar, JKOMoruyeckas
[nerpagauvs.

Introduction

Most of the reservoirs of the city are the least studied water re-
sources in Belarus due to their shallow depth and small water area, since
they are not included in the NEMS. Water bodies of urbanized areas are
subject to the influence of many factors, both abiotic and anthropogenic.
This affects the ecological state of such reservoirs in such a way that
water protection measures alone are sufficient, environmental measures
in the form of a water protection zone are not quite effective. The self-
cleaning ability of most of these reservoirs deteriorates due to the inflow

of various pollutants into the water from the catchment area, with
groundwater, precipitation, etc. In this case, there is a need to apply
measures to improve the ecological condition and recreational opportuni-
ties of urbanized reservoirs.

The use of only a technical approach in solving these problems most
often turns out to be impossible, inexpedient or ineffective. Therefore, an
integrated approach is needed to solve technical and environmental prob-
lems to maintain a good ecological condition of urbanized reservoirs or
restore (rehabilitate) them to a good condition.
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It follows from this that the assessment of the ecological state of ur-
ban reservoirs should include a variety of criteria, not only hydrochemical,
hydrobiological and hydromorphological, but also cultural, historical, so-
cial, recreational, etc.

For this purpose, we have developed a point assessment of the crite-
ria for determining the ecological state and recreational opportunities of
urban reservoirs.

Thus, the purpose of the work is to develop criteria for assessing the
comprehensive index of the ecological state of reservoirs in urbanized
territories, taking into account the recreational and aesthetic load on the
example of water bodies in the south-west of Belarus.

Materials and methods

The objects of the study are typical representative water bodies of the
urbanized territories of the south-west of Belarus, characterized by different
recreational load and different degrees of anthropogenic impact (Figure 1).

To determine the criteria for assessing the comprehensive index of
the ecological state (CIES) of urban reservoirs, the indicators of the eco-

logical state (hydromorphological, hydrochemical, hydrobiological), as
well as recreational and aesthetic potential, anthropogenic transfor-
mation, etc., are used.

To determine the estimated state of reservoirs in urbanized areas
subject to various anthropogenic impacts, a system of criteria (levels) is
proposed.

The ecological state of urban reservoirs was assessed on the basis
of hydrochemical and hydrobiological indicators by known methods. The
ecological state of urbanized reservoirs in terms of hydrochemical indica-
tors was determined based on the multiplicity of exceeding the MPC by
comparing the studied indicators with the lowest (most stringent) indica-
tors of permissible concentrations of chemical indicators from the com-
bined lists of information documents of the Republic of Belarus on the
quality of surface waters: within the boundaries of settlements, recrea-
tional areas, MPC of pollutants of fishery water bodies and MPC of drink-
ing water [1-4]. The ecological state according to hydrobiological indica-
tors was assessed by the indicator of the saprobity index of reservoirs by
macrophytes [5, 6].
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Figure 1 — Sampling sites: Kobryn — K-1 park pond, K-2 pond w/n on Polesskaya Street; Zhabinka — Zh-1 park pond, Zh-2 pond "Mukhina Yama", Zh-3
pond "Vdkhr Vizzhar"; Malorita — M-1 park pond, M-2 pond w/n on Dzerzhinskaya Street, M-3 pond "Voennoye Ozero", M-4 pond "Torfboloto"; Brest —
B-1 pond "Vychulki", B-2 pond "Zodchikh", B-3 park pond "Nizhny", B-4 pond "Gershonsky", B-5 pond w/n on Kirpichnaya Street, B-6 pond "Zerkalka"

The assessment of the recreational potential and anthropogenic im-
pact on urban reservoirs is considered using the indicators introduced by
us: the level of recreational significance, the level of anthropogenic trans-
formation (Tables 1, 2) [4, 7-10].

The level of environmental degradation of water bodies in urbanized
areas was assessed based on their trophic state according to the indica-
tors of the trophic state index TSI, the nitrification index Inir and the modi-
fied aggregation index Im-agr according to the methods [11-17].

Results and discussion

On the basis of the ecological state according to hydrochemical, hy-
drobiological and hydromorphological indicators, as well as with the help
of such indicators of recreational potential and the magnitude of anthro-
pogenic impact on water bodies as the level of recreational significance,
the level of anthropogenic transformation and the level of environmental
degradation, we propose a point assessment of the integrated index of
the ecological state of reservoirs of the CIES of urbanized territories,
specified in the Table 3.
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Table 1 - Indicators of the level of recreational significance of reser-
voirs in urbanized areas [7]

Table 3 — Score assessment of the Complex Index of the Ecological
State of reservoirs of urbanized territories

Level of
recreational
significance,

score

Characteristics of the level
of recreational significance

Recreational-safe water bodies are reservoirs that are
in good and satisfactory ecological and sanitary-
hygienic condition, used by the population in various
types of recreation, and have recreational, cultural
and historical potential

Recreationally significant — reservoirs that are in a
satisfactory ecological and sanitary-hygienic condi-
tion, have a high aesthetic load and are used by the
population in contact types of recreation
Recreational-insignificant — reservoirs that are in a
satisfactory ecological condition, the banks of which
are used for non-contact types of recreation and have
an insignificant recreational potential (or in a poor
ecological condition with a significant recreational
potential), which cannot be used for the organization
of active recreation zones, but for them it is possible
to develop projects to increase the recreational poten-
tial or environmental protection or rehabilitation to a
satisfactory environmental condition

Recreationally insignificant — reservoirs that are in a
poor ecological condition (or in a state of degradation)
and do not have a recreational potential (or with an
insignificant recreational potential), which are not
used by the population for recreational purposes, for
which rehabilitation to a satisfactory ecological condi-
tion is impossible or inexpedient

High

Average

Low

"Zero"

Table 2 - Indicators of the level of anthropogenic transformation of
reservoirs [7]

Level of

anthropogenic Characteristics of anthropogenic transformation
transformation

A favorable indicator of safety for recreation, char-
"Zero" acterized by insignificant anthropogenic interfer-
transformation | ence (up to 5 %), as well as in the case when the

reservoir has retained its original appearance

A favorable or relatively favorable indicator of safe-
Mi ty for recreation, characterized by the engineering

inor .

Transformation _arranggment _of a part of tlh‘e coastline or a change

in the lithological composition of the bottom of the

reservoir by up to 30 %

A relatively favorable indicator of safety for recrea-
Partial tion, characterized by a complete (or partial)
Transformation | change of the coastline, transformation from 30 to

60 %

An unfavorable indicator of safety for recreation
Significant characterizes reservoirs, part of the area of which
transformation | (more than 60 %) has been lost (filled up or

drained)

An unfavorable indicator of safety for recreation
Complete characterizes completely lost reservoirs, or trans-
Transformation | formed into underground water bodies, or techno-

logical water bodies

The ecological state of reservoirs is assessed by comparing the re-
sults of research on hydrochemical and hydrobiological indicators. If the
status of the water body of the reservoirs of urbanized territories in terms
of hydrobiological indicators is higher than in terms of hydrochemical
indicators, then the ecological state in terms of hydrochemical indicators
is considered a priority. In our opinion, such a priority determination of the
ecological state by hydrochemical indicators is associated with the effect
of anthropogenic factors on the reservoirs: water pollution with chemicals
has already occurred, and living organisms have not yet had time to
adapt to the changed conditions of existence.

r:/?] Criteria for the CIES of the reservoir Point

Ecological state

Hydrochemical indicators

1 Excellent cpndition [ low contamination 1
water (no indicators of exceeding the MPC)

2 Good (favorablle)ll ' 2
low (MPC multiplicity 1-2)

3 Satis_factory (relativgly favorable) / 3
medium (MPC multiplicity 2-10)

4 B.ad (unfavorablle)I/' 4
high (MPC multiplicity 10-50)

5 Very poor ecological condition (degradation) / 5
extremely high (MPC multiplicity >50)

Hydrobiological indicators

1 Excellent environmental condition 1

2 Good (favorable) environmental condition 2

3 ?atisfactory (relatively favorable) environmental condi- 3
ion

4 Poor (unfavorable) environmental condition 4

5 Very poor environmental condition 5

Recreational potential

Level of recreational significance

1 High 1

2 Average 2

3 Low 3

4 "Zero" 4

5 Missing 5

Level of anthropogenic transformation

1 "Zero" transformation 1

2 Minor Transformation 2

3 Partial Transformation 3

4 Significant transformation 4

5 Complete Transformation 5

Degradation of a water body

Level of environmental degradation

1 A reservoir with a natural ecosystem 1

2 A reservoirs in an anthropogenically stressed trophic 2
state

3 A reservoirs in a crisis trophic state 3

4 A reservoirs in a catastrophic trophic state 4

5 The reservoir is completely lost 5

When assessing the CIES of an urbanized reservoirs, a higher score
of the ecological state indicator in terms of hydrochemical and hydrobio-
logical indicators is taken into account, taking into account the predomi-
nance of the hydrochemical indicator.

The points of recreational potential and environmental degradation
are summed up.

The CIES, like existing methods, classifies the ecological status of
water bodies as excellent, good, satisfactory, bad and very bad. It is cal-
culated according to the following formula

CIES =Y VES/, |

where UES is the level (criterion) of the status of a reservoirs, n is the
number of criteria.

The values of the CIES are characterized by the following:

Excellent condition — 1-1.49 points;

Good condition — 1.5-2.5 points;

Satisfactory condition — 2.51-3.0 points;

Poor condition — 3.01-4.0 points;

Very poor condition — 4.01-5 points.
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Thus, when calculating the CIES of water bodies, all factors affecting
the reservoirs of urbanized areas are taken into account. At the same
time, the following trend can be traced — the higher the score for a par-
ticular indicator, the worse the general condition of the reservoirs.

However, if:
the general condition of reservoirs in urbanized areas is excel-
lent, but isolated cases of water blooms have been recorded, then their
condition is assessed as good;
the general condition of the water body of the reservoirs of ur-
banized areas is good, but the cases of water blooming are frequent, the
condition is assessed as satisfactory;
the general condition of the reservoirs of urbanized areas is sat-
isfactory, but the cases of water blooms are annual and its condition is
assessed as poor.

According to the developed point assessment, the ecological state of
urbanized reservoirs in the south-west of Belarus was studied, the results
of the research are shown in Table 4.

Based on the results obtained, it was established that most of the
water bodies in the south-west of Belarus are in good and satisfactory
condition, except for the pond "Vychulki" of the pond "Voennoye Ozero"
and the "Nizhny" park pond, for which a poor ecological condition has
been established (Table 4) [18-20].

Thus, the results of the CIES show the true ecological state of reser-
voirs in urbanized areas, taking into account the recreational potential
and the level of environmental degradation.

Conclusion

Almost all urban reservoirs are natural-anthropogenic or anthropo-
genic water bodies, the intensity of self-purification processes in which is
slowed down. Therefore, a more accurate determination of the ecological
state of reservoirs in urbanized areas requires an integrated approach
based on the ranking of mutually related biotic, abiotic and anthropogenic
factors.

Table 4 - The state of urbanized reservoirs in the south-west of Belarus in the summer period of 2020

— = o

3 8 = £ ¢ S5

. = > o @ O = S
IndBlcat.ors/ E, S T % § T % 5 T g e a %

asin [5] <) o o= [CRESaN o 2 O = =

o <) -85 -3 5 —£% © 5]

;ﬁ. =2 = ® s 3 S ©

L kS isha

K-1 4 4 2 2 3 2,75 Satisfactory
K-2 5 5 4 3 2 35 Bad
Zh-1 3 2 2 1 2 2 Good
Zh-2 2 3 3 1 1 1,75 Good
Zh-3 4 4 2 2 3 2,75 Satisfactory
M-1 3 2 2 1 3 9 Good
M-2 4 4 3 2 2 2,75 Satisfactory
M-3 4 5 3 4 2 3,25 Bad
M-4 3 4 3 2 1 2,75 Satisfactory
B-1 5 5 3 3 3 35 Bad
B-2 4 4 2 2 2 25 Satisfactory
B-3 5 5 2 4 3 35 Bad
B-4 2 2 2 1 1 1,5 Good
B-5 3 3 3 2 1 2,25 Satisfactory
B-6 4 4 2 1 2 2,25 Satisfactory

* the underlining indicates the score of the ecological state for the assessment of the CIES of the reservoirs of urbanized areas

The proposed system for assessing the comprehensive index of the
ecological state of urbanized reservoirs, taking into account the ecological
state in terms of hydrochemical, hydrobiological and hydromorphological
indicators, environmental degradation, social and recreational attractive-
ness of urban reservoirs, quite objectively reflects the changes occurring
with them in the current conditions of external influences.

A comprehensive assessment of the ecological state of water bodies
in urbanized areas showed that the vast majority of urban reservoirs in
the southwest of Belarus (3/5) are characterized by a satisfactory ecolog-
ical status, 1/5 of the studied reservoirs are in poor condition, and 1/5 are
in good condition. For these water bodies, it is necessary to develop
measures to improve and (or) rehabilitate the ecological state.

It has been tested in the development of measures to maintain a
good ecological condition of water bodies and (or) the need to rehabilitate
reservoirs in the urbanized territories of the south-west of Belarus, as well
as in the development of measures for restoration and reclamation and
restoration of the hydraulic system of the park of the State Institution of
Culture "Historical and Memorial Museum "Nemtsevich Estate".

The work was carried out with the partial support of the Grant of the
Ministry of Education of the Republic of Belarus No for state registration
of 20200621.
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Abstract

The Western Bug River is a transboundary river in Eastern Europe. The average long-term water discharge in the studied section is 80.2 m3/s, and
the spring flood with 1% probability is 818 m3/s. Retrospective analyses of aerial photography data for the period from 2004 to 2022 allowed us to
establish the average annual bank movement rate, which was 0.85 m/year. A digital relief model of the catchment area was created and a detailed
channel model was constructed, which is based on the use of low-water and Navier-Stokes equations. The calculations were carried out using the
server computing equipment of BrSTU and allowed us to build a picture of the spatial and temporal patterns of the free surface levels of the flow, as well
as the velocity field. The total spatial and temporal resolution of the model is 371,000 cells with 100-200 time intervals at 10-20 vertical grid layers.
To implement the program, a programming language was selected that ensures efficient calculations and convenient interaction with the existing
MIKE 3 environment. As a result, Python/C++ was chosen, providing flexibility and high performance. The river sections exposed to the risk of erosion
are identified, namely the coastal and coastal zone along the right bank in the area of the bend, both before and after it. The second section belongs to
the floodplain zone, the flooding of which occurs during the spring flood corresponding to the maximum convergence of the meanders of the channel.
The velocities obtained as a result of modeling do not exceed 2 m/s in the channel part. Areas at risk of erosion are highlighted. In the channel part,
bank stabilization is recommended in the form of rock fill or stone paving. For the floodplain part near two meanders, it is necessary to provide for
stabilization in the form of rock fill with a connecting structure for the passage of flood waters.

Keywords: river, runoff, modeling, erosion, meandering, fastening.

MOJENWPOBAHUE PA3MbIBA U I'IPOEKTI/IPOBAHVIEVCOOPV)KEHI/IVI AnA YKPENNEHWA BEPETOB
PEKW 3ANAHBIN BYT

A. A. Bonuek, C. W. Mapdomyk, H. H. LLlewko, H. H. lnexauk, C. B. Cupak, M. ®. Kyxapesuu

Pechepar

Peka 3anagHbin Byr — TpaHcrpaHudHas peka B BoctouHon Espone. CpegHuit MHOTONETHWI pacxof BOAbl B UCCeLyeMOM CTBOPE COCTaBnseT
80,2 M3/c, a BeceHHero nonosofbst 1 % obecneyeHHocT — 818 M3/c. PeTpocnekTUBHbIA aHanu3 AaHHbIX aspodhoTocbeMku 3a nepuog ¢ 2004 no
2022 rr. no3BONMN YCTAHOBUTbL CPEAHErofOBYID CKOPOCTb nepemelleHns Geperosoit nuHuW, kotopas coctasuna 0,85 m/roa. CospaHa umudposas
Mofenb penbedia MECTHOCTM Bofocbopa 1 NocTpoeHa AeTanbHas Mofenb pycra, KoTopas OCHOBaHa Ha MCMONb30BaHWM YpaBHEHUA Manoil BOAb! U
Haebe-Ctokca. PacueTbl npoBOAUMMCL C MPUMEHEHWEM CEPBEPHOTO BbIYMCIUTENbHOTO 0BopyaoBaus BplTY v no3BonmnmM NOCTPOUTb KapTUHY
MPOCTPaHCTBEHHOTO BPEMEHHbIX 3aKOHOMEPHOCTE YPOBHE! CBOBOLHOI MOBEPXHOCTM NOTOKA, a Takke nons ckopocTel. OBLiee NpocTpaHCTBEHHO-
BpemeHHoe paspeleHne mogerv 371000 sueek ¢ 100-200 BpemeHHbIMK nHTepBanammn npu 10-20 crnosix BepTMkanbHoOW CeTkw. [ins peanusauum
nporpammbl BbibpaH s3bIk NporpaMm1poBaHms, obecneumnsatoLui addekT1BHbIE BbluMCIEHNS W ya0BHOe B3anMOfelcTBIe C CyLLeCTBYIOLLEeA Cpeaon
MIKE 3. B pesynbtare Bbibopa bbin caenaH B nonb3y Python/C++, obecneumsaroLLero ruékocTb 1 BbICOKYH MPOU3BOAUTENBHOCTb. BbiaeneHs! yyacTku
peky, NofBEPKeHHbIE PUCKY pa3MblBa, @ UIMEHHO NpubpexHas 1 BeperoBas 3oHa o NpaBoMy bepery B palioHe U3ny4MHbl kak Nepes Heil, Tak 1 nocne
Hee. BTOpol y4acTok OTHOCHTCA K MOWMMEHHOM 30He, 3aTOMneHWe KOTOPOW MPOMCXOAMT B MEPUOS BECEHHEro MONOBOAbS COOTBETCTBYHOLLMIA
MakcumanbHoMy cOnukeHuio MeaHap pycna. MonyyeHHble B pesynbTaTe MOAENMPOBaHWS CKOPOCTM He MPEBbIWAKT 2 M/C B PyCroBOM 4acTu.
BbigeneHbl y4acTku NofBepKeHHble pUCKy pasmbiBa. B pycnosoit yactu kpenneHue OeperoB pekoMeHOyeTcs B Bue KaMeHHOW Habpocku unm
KaMEHHOrO MolleHus. [Ins moimeHHOM YacTu BOMM3M [BYX MeaHAp HeobXoguMo npeadycMOTpeTb KpenneHve B Bue KaMeHHOW Habpocku c
YCTPOICTBOM COMPSAraloLLero COOpyXeHnst Ans Nponycka naBoaKOBbIX BOA.

KntoueBble cnoBa: peka, CTOK, MOAENMPOBaHIE, Pa3MblB, MEaHAPUPOBaHME, KpenmneHue.

Introduction clearly defined and does not exceed 2-3 km in width, the floodplain is

The Western Bug River is a transboundary river in Eastern Europe,
flowing through the territory of Ukraine, Belarus and Poland. It originates
in the Podolsk Upland and flows through Ukraine, then along the border
of Belarus and Poland and flows into the Zegrze Reservoir, and then into
the Vistula River. The total length of the river is 772 km, on the territory of
Belarus — 154 km. In the upper and lower reaches, the river valley is

intermittent, with numerous oxbow lakes. In the middle section, the valley
of the Western Bug widens to 3-4 km and has a wide, low, swampy
floodplain. The river bed is winding throughout its entire length. It gradual-
ly widens from 10-20 m in the upper reaches to 50-75 m in the lower
reaches, sometimes up to 200-300 m. The banks are mostly flat and
swampy, covered with forest in some areas [1, 2].

96

Geoecology
https://doi.org/10.36773/1818-1112-2024-135-3-96-103



Vestnik of Brest State Technical University. 2024. No. 3 (135)

Currently, a hydrological gauging station operates on the Western
Bug River in the village of Novoselki, as well as on the tributaries of the
Mukhavets and Lesnaya Rivers. Observations have been conducted
since 1975. The Western Bug River is characterized by mixed feeding
with a predominance of groundwater, which is caused by the low thick-
ness of the snow cover and the predominance of easily permeable soils.
The average annual water flow on the border of Ukraine and Belarus is
50 m¥s, when leaving Belarus — 100 m¥s [3, 4].

Study of hydromorphological parameters associated with changes in
the river bank. The study of the Westemn Bug River was carried out within
the framework of the State Scientific and Technical Program “Nature Man-
agement and Environmental Risks” on the assignment “To assess changes
in hydromorphological, hydrological and hydrochemical indicators of the
Western Bug River and to develop measures to reduce their negative con-
sequences”. During which it was established that significant changes in the
coastline occur from the right (Belarusian) bank due to the nature of the river
flow from south to north and the direction of the Coriolis force vector [5, 6].

The Western Bug River is a water body with a high risk of flooding
due to spring floods and rain floods, which can result in significant flood-
ing of coastal areas, including border infrastructure, agricultural lands and
objects, residential and other buildings.

The main factors that lead to the shift of the fairway of the Western Bug
River are: abrasion (erosion) of the banks, breakthrough of meanders, mul-
ti-branching (formation of shoals and islands). The maximum established
displacement was 470 m. As a result of previous studies, 36 sections of the
Western Bug River with a significant (more than 100 m) displacement of the
river fairway over a 35-year period (1981-2016) were identified. 198 sec-
tions with multiple branches and 93 sections with right bank abrasion were
identified. The amount of right bank abrasion at 255 sections was
3.665 km2. Natural hydromorphological changes in the Western Bug River
led to both right bank abrasion (channel displacement to the right) and right
bank accumulation (channel displacement to the left). The amount of right
bank accumulation at 252 sections was 4.137 km2. Despite the fact that the
overall balance of right bank abrasion and accumulation is positive for Bela-
rus along the entire transboundary section of the Western Bug River
(+47.2 ha), it should be noted the intense prevailing abrasion of the right
bank on the "upper section" of the river.

Western Bug from the state border "Belarus — Ukraine" to the settle-
ment Domachevo, as well as a number of individual sections with intense
abrasion of the right bank (more than 3 ha) on the "middle section" from
the settlement Domachevo to the city of Brest and the "lower section"
from the city of Brest to the settiement Krynki [7, 8].

The purpose of the work was to provide a hydrological justification for
the implementation of channel-regulating and bank protection measures
in connection with the ongoing coastal erosion processes on the border
sections of the Western Bug River.

Materials and methods

Estimated hydrological parameters

The observation period for the maximum water levels of the spring
flood on the Western Bug River at the Novoselki section and on the Le-
snaya River at the Tyukhinichi section is 35 years from 1988 to 2022.
To identify the features of fluctuations in the maximum water levels of the
spring flood on the Western Bug and Lesnaya Rivers, difference integral
curves were constructed for 1988-2022, which show that the period un-
der study includes intervals of decrease and increase in the maximum
water levels of the spring flood, and since the beginning of the 20th cen-
tury it has been in a positive phase — an upward trend, and only in recent
years have the maximum water levels begun to decrease.

The results of calculations to determine the maximum water levels of
the spring flood with a probability of 1, 3, 5 and 10 % along the Western
Bug River at the Novoselki section are presented in Table 1, which were

In classical approaches to hydrology, the provided values of levels are
determined on the basis of data from hydrometric gauging stations located
above and below the section under study. However, in this case, the West-
ern Bug River, being a border river, does not have hydrometric gauging
stations upstream and downstream of the study area. Transfer of levels of
different probability is possible only on the basis of observation data from
two observation points, both of which are located downstream, namely, a
gauging station on the Lesnaya River in the settlement of Tyukhinichi and
a gauging station on the studied Western Bug River in the settlement of
Novoselki. In this case, we have, on the one hand, a gauging station on
the studied river at a considerable distance, and on the other hand, a
gauging station on a river of a lower order much closer downstream, but
at the same time having different hydraulic conditions for the formation of
levels and discharges. In conditions of limited observation data, observa-
tion data from both gauging stations were used simultaneously. Three
approaches were used to calculate the calculated slopes: average annual
level, level in the calculated month and level on the date of measure-
ments. The level on the date of measurements should be discussed sep-
arately. Based on the data of one-time hydrometric studies, the actual
levels in the section of the object on the Western Bug River were deter-
mined. One-time data allowed us to calculate the slopes during the period
of work, which provided the possibility of verifying the results.

The transfer of levels was made on the basis of the calculated values
of hydraulic slopes corresponding to the high-water period, taking into
account the assumption of similar hydraulic conditions for the rivers
Western Bug and Lesnaya in the high-water period. The averaged results
for two calculation points are presented in Table 2.

Table 2 - Maximum water levels of spring floods with 1, 3, 5 and
10 % probability of the Western Bug River — the section under study

Parameter Absolute level of BS, m
He=1% 130.87
Hp=3% 130.52
Hp=5% 130.34
Hp=10% 130.08

To transfer the average levels, we used data from natural (one-time
measurements) and data from observations of the water level at the No-
voselki station, assuming that on the date of measurements the levels in
the studied section corresponded to the long-term level (126.40).
The calculated levels in the studied section are presented in Table 3.

Table 3 — Average annual water levels of the river. Western Bug -
Novoselki

Parameter Absolute level of BS, m
Hp=25% 126.78
Hp=50 % 126.58
Hp=75% 126.44

Due to the lack of hydrological observation data on water flow along
the Western Bug River in the studied section, we used various alternative
methods for determining the main hydrological parameters and obtained
the following values of average annual water flow (Table 4).

Table 4 — Average annual water flow of the Western Bug River in
the studied section

performed using the Hydrolog-2 software package [9-12]. Parameter Q m3s
Qr=5% 154
Table 1: Maximum water levels of spring flogds with 1, 3, 5 and Qk=10% 133
10 % probability of the river Western Bug — Novoselki
Parameter Water level, cm Absolute level of BS, m Qr=25% 106
Hp=1% 556 124 56 Qp=50% 80.2
Hp=3% 504 124.04 Qr=75% 58.6
Hp=5% 479 123.79 Qr=90% 459
Hp=10% 442 12342 Qe=95% 356
Geoecology 97
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Analysis of the Western Bug riverbed transformation

Geoinformation systems are widely used in modem science. For the ret-
rospective analysis of the spatial displacement of the studied section of the
Westemn Bug river bed, remote sensing data in the form of visible range imag-
es from 2004 to 2022 were used. The collected raster data were spatially
referenced in the flat coordinate system Pulkovo_1942_CS63_Zone_C1.

A database of the spatial position of the right bank of the river was formed in
the form of linear vector objects (Figure 1) [13].

Using the methodology developed by the authors and described in
detail in [14, 15], the shift in the position of the channel and the transfor-
mation of sinuosity were analyzed. In addition, the developed spatial
model of the channel was used as a basis for the research. The results of
digital information processing are presented in Figure 2—4.

Figure 2 — Analysis of displacements of the coastline of a section
of the river bed (2004-2022)

Figure 3 — Analysis of displacements of the coastline
of a section of the river bed (2004-2022)

Thus, the conducted analysis allowed us to record the change in the
coastline over time in the studied area, which indicates the advisability of
carrying out bank protection works in order to prevent the erosion of the
coast by the current and, as a consequence, the formation of a new
channel [16].

Figure 4 — Analysis of the displacement of the coastline of the river
bed section (2012-2022)

To process the remote sensing data, the indicator of the speed of the
coastline movement process was used, which is the ratio of the right/left
areas formed by the intersection of the vector object of the coastline at
the initial and final moment of time, to the length of the studied section of
the river and the time of these processes. Thus, the following results were
obtained, presented in Table 5.

Table 5 — Calculation of the transformation rate of the Western Bug River bank

Time period, Sum of right Sum of left Section length, | Velocity of transformation in the | Velocity of transformation in the
years areas, m? areas, m2 m form of blur, m/year form of deposits, m/year

2004-2012 17372.16 12611.67 2400 0.90 0.66

2012-2022 20951.33 7166.72 2485 0.84 0.29

2004-2022 36723.95 18178.84 2400 0.85 0.42

As can be seen from this table, the rate of these processes for indi-
vidual time intervals differs slightly; primarily this concerns the rate of
formation of a new coastline due to deposits. However, the erosion pro-
cess, which is comparable for both time intervals, is of considerable inter-
est from the point of view of predicting the occurrence of negative conse-
quences. In further studies, the rate of spatial deformation of the coastline
was adopted as 0.85 m/year.

Digital models of the river section relief development

GIS support ArcGis and its ArcToolbox toolkit, as well as tools of
the MIKE 3 hydraulic modeling environment [17-19].

The following raster layers of various scales were used as carto-
graphic bases:

— raster topographic maps;

— raster map of the Open street maps web service;
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— raster images of remote earth
(maps.googleapis.com; Bing.map, etc.);

— data of geodetic surveys provided by the customer;

— data of echo sounding surveys of the river depth within the study
area provided by the customer.

The data from the usgs.gov portal were used as the initial digital re-
lief map for calculating the river catchment area in the calculation section.
Within the study area, 30 raster data on the elevation marks of the terrain
are available, with a resolution of one arc minute [20]. The resolution of
the digital elevation model was 30 m by 38 m. Using the algorithms of the
ArcGIS application, the catchment area of the Western Bug River in the
studied section was calculated, which was 24865501221 m2.

An irregular grid with a customizable cell size was used as the basis
for the channel model. Thus, for the channel zone within the echolocation
survey data, the maximum grid size was no more than 50 m2, for the
channel zone — 70 m?, for the floodplain part — 400 m2. To form the gen-
eral boundaries of the model area, arcs with specified arc parameters
were drawn.

sensing of the

General description of the water mass movement hydrodynamic
mode/

Low water equations are a system of hydrodynamic equations
adapted for modeling water flows in shallow water conditions. In the con-
text of this work, low water equations play a key role in providing accurate
and efficient modeling of water mass motion in river systems and coastal
zones. The Navier-Stokes equations are the complete hydrodynamic
equations describing fluid motion. In the context of hydrodynamic model-
ing for aquatic systems, they are written as [21, 22, 23]:

3—]:+(u-l7)u=—%|7p+g+vl72u; M

V-u=0, (2)
where h - the velocity vector, u - the velocity vector, p - the fluid densi-
ty, p - the pressure, g - the acceleration of gravity, v — the kinematic
viscosity.

Low water equations are a simplified version of the Navier-Stokes
equations used in shallow waters. The main difference is that low water
equations take into account the vertical pressure distribution, making
them more suitable for modeling river and coastal flows.

In low water equations:

o athw A _ o o
5t o +_ay =P—E—-R; 3)
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where h - the water depth, u and v - the horizontal and vertical velocity
components, respectively, P - the moisture input, E - the evaporation,
R - the runoff, g - the acceleration due to gravity, Thx and Thy -
the horizontal and vertical components of the frictional moment.

The choice of low-water equations is justified by the need to take into
account the features of hydrodynamic processes in river systems and
coastal zones. Low-water equations provide an adequate description of
water movement at shallow depths, which is often encountered in these
conditions [24]. A comparative analysis of the equations allows us to
highlight their applicability in various modeling scenarios, and low-water
equations become the preferred choice for this work, providing a balance
between accuracy and computational efficiency in conditions of limited
depths.

Development Methodology

The first stage of the program development was the definition of
goals and objectives. This included defining the scope of the program,
end users and expected results. The goal was to create a tool capable of
simulating the movement of water masses in river systems with high
accuracy.

After defining the goals, an analysis of available technologies and
tools for program development was carried out.

The design of the program architecture included defining the data
structure, choosing numerical analysis methods, and integration with the
MIKE 3 interface. The program architecture ensured the efficient execu-
tion of numerical calculations and ease of implementation in the existing
MIKE 3 environment [17, 18].

At the stage of implementing the mathematical model, algorithms
based on low-water equations were written. The numerical methods used
to solve differential equations ensure stability and accuracy of calcula-
tions. The integration of the program with MIKE 3 required interaction with
the API and technical specifications of MIKE 3. This included the correct
transfer of data between the program and the MIKE 3 platform, as well as
ensuring compliance with MIKE 3 standards and requirements.

The program was tested on various test scenarios, including various
hydrodynamic conditions and geographical features. Debugging included
fixing identified errors and optimizing performance.

After completion of the development, the program was validated and
calibrated. This stage included comparing the simulation results with real
data and adjusting the model parameters to achieve optimal compliance
with real conditions.

The entire development process is documented, including a descrip-
tion of the architecture, solution methods, and technical documentation
on integration with MIKE 3. This ensured understanding and support of
the program.

Implementation of the program

To implement the program, a programming language was selected
that ensures efficient calculations and convenient interaction with the
existing MIKE 3 environment. As a result, Python/C++ was chosen,
providing flexibility and high performance [20].

To speed up development and ensure program stability, appropriate
libraries and frameworks were used. This included libraries for numerical
calculations, data processing and interaction with the MIKE 3 interface.

The program was developed taking into account a modular architec-
ture that allows for easy support and further expansion. The modules
included the main computing units, an interface for interaction with MIKE
and components for processing input and output data.

The solution of the system of low-water equations was implemented
using numerical methods. Suitable methods were selected for numerical
integration and solving differential equations, ensuring stability and accu-
racy of calculations.

To successfully integrate the program with MIKE, interaction with the
API was carried out. This included the transfer of hydrodynamic model
data between the program and MIKE, as well as the management of
modeling processes via the MIKE interface.

The program provides means for visualizing modeling results.
This includes graphical display of water mass trajectories, changes in
water depth, and other parameters, allowing users to visually evaluate
the results.

The entire development process was accompanied by documenta-
tion, including technical documentation on the MIKE 3 API, user manuals,
and installation instructions. This ensures transparency in using the pro-
gram and facilitates the implementation process.

After successful completion of all testing and troubleshooting stages,
the program is ready for the final stage of implementation.

Model parameters

The model parameters were adjusted based on calibration data in
the form of the maximum spring flood flow of 50 % of the estimated prob-
ability.

The adjustment was carried out in the absence of the influence of the
planned construction of protective dams.

The adjustment was carried out with the following parameters: the
average annual flow of the Western Bug River in the studied section is
80.2 m3/s, the mark in the inlet section is 126.58 m BS, the hydraulic
slope is 0.122 %o. Using these model parameters, the natural roughness
of the river bed was adjusted.

The model took into account the effect of Coriolis acceleration, as
well as the unevenness of the model grid.
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Results and discussion

Analysis of research results

The calculations were carried out using the server computing equip-
ment of BrSTU and allowed us to build a picture of the spatial and temporal
patterns of the free surface levels of the flow, as well as the velocity field.
The total spatial and temporal resolution of the model is 371,000 cells with
100-200 time intervals at 10-20 layers of the vertical grid. Thus, the maxi-
mum number of calculation cells is 1484 million and, accordingly, the same
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_____________________________________________

number of equations in the system. The adjustment was carried out by
adjusting the parameters of the channel roughness, as well as the structure
and parameters of the calculation grid. The number of time intervals was
adjusted in order to achieve a steady state, as can be seen in Figure 5, as
arule, stabilization was observed at the 80-90 time step.

The overall simulation results for four design flow rates and levels are
shown in Figures 6-8.

____________________________________________
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Figure 5 - Variability of flow rate in the design section over time
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Analyzing the obtained results, it is possible to identify areas at risk
of erosion, namely the coastal/shore zone along the right bank in the area
of the bend, both before and after it. The second section refers to the
floodplain zone, the flooding of which occurs during the spring flood cor-
responding to the maximum convergence of the meanders of the chan-
nel. The velocities obtained as a result of modeling do not exceed 2 m/s
in the channel part. The recommended method of support is rock fill or
stone paving. For the floodplain part near two meanders, it is also neces-
sary to provide for support in the form of rock fill with the device of a con-
necting structure for the passage of flood waters. The dimensions of the
structure and the parameters of the support are determined by the project
based on the actual geological conditions, resistance to erosion and the
availability of applicable materials.

Coastal fortifications

The choice of the type of bank reinforcement is made subject to the
conditions of technical feasibility and economic advantage; it is recom-
mended to use building material available at the work site or in the imme-
diate area. Technical feasibility consists in the fact that the strength of the
bank reinforcement structure corresponds to the forces it must withstand.
Engineer Fargues, famous for his works in France, established a direct
relationship between the curvature of the bank and the depth of the river
near it, i.e. the degree of its erosion by the current. It should also be taken
into account that the lower part of the bank slope in height from the base
to the horizon of medium-low low water is constantly under water and is
subject to the continuous eroding action of the river flow. The part of the
slope from the horizon of medium-low low water to the horizon of the
highest water is subject to the periodic eroding action of the flow, the
destructive action of ice moving near the banks, the influence of atmos-
pheric and ground water, in winter - the action of frost and, finally, is par-
tially destroyed by trampling by animals and people. Above the horizon of
the highest waters, the coast is exposed only to atmospheric waters and
frost, and to trampling by animals and people. Particular attention should
be paid to protecting the lower part of the slope from its base to the hori-
zon of medium-low low waters, since the destruction of this part of the
slope causes the collapse of the entire part located above. Part of the
coastal slope from the last horizon to the horizon of the highest waters is
first cut off and planned for a certain slope — from one and a half to three
times, depending on the nature of the soil of which the coast consists. For
weaker soils, a gentler slope is adopted. One or another type of coating is
arranged along the planned slope, depending mainly on the magnitude of
the spring flow speeds and the power of spring ice drift.

A distinction is made between active and passive coastal fortifica-
tions. The former significantly affect the structure of the flow in the coastal
area, and the latter only protect the coastal slope from erosion. Coastal
coverings can be continuous, securing the entire coastal slope from ero-
sion, and strip covering separate parts of the river slope along the length
from erosion.

Calculations of coastal coverings include the following sections [25, 26]:

— assessment of the stability of the covering under the influence of
the current;

— determination of the length and width of the covering;

— calculation of the size of the stone and the thickness of the con-
crete slabs in the above-water part of the structure;

— determination of the thickness of the stone ballast in the under-
water part of the slope.

Coastal slopes and fortifications on them, first of all, need to be
checked for resistance to the impact of the current velocity in the area of
the fortified bank. To determine the current velocity in the alongshore
stream, natural or calculated plans of the flow on the river section are
constructed at the average low-water and average flood water flow. If the
river floodplain on the section is flooded during the flood, then the level of
the floodplain (low-water) edges is taken as the calculated high water
level. Based on the data on the granulometric composition of the sail
making up the coastal slope and on regulatory materials, permissible
(non-erosive) current velocities at the calculated water levels are estab-
lished. Depending on the composition of the soils making up the slope, in
accordance with regulatory requirements, the permissible laying of the
coastal slope during its fortification is also established. Comparison of
actual current velocities with permissible ones allows us to estimate the

stability of the coastal slope under the impact of the water flow on it, and,
if necessary, select the appropriate coastal fortification. The length of the
coastal slope reinforcement zone is established on the basis of compared
and combined plans of the site for a long-term period and plans of the
flow at characteristic water levels.

To determine the width of the reinforcement, the coastal slope is di-
vided into four zones: | — above-water slope zone; Il — wave run-up and
wind surge zone; lll - variable level zone; IV — underwater slope zone
(below low water levels).

The width of the reinforcement in each zone and the size of the stone
for reinforcing the above-water slope are determined by calculation. The
lower boundary of the protected area, as a rule, is located in the zone of
intersection of the plane of the slopes and slopes with their base. If max-
imum bottom velocities exceed permissible values of non-eroding bottom
velocities, an anti-erosion apron in the form of a flexible mattress, rock fill,
etc. must be provided in the design of the bank protection structure. The
erosion depth must be established based on in-kind observations or de-
termined on the basis of calculations.

In order to select the most effective type of bank protection structure
for a specific section and correctly assign its parameters, it is necessary
to carry out detailed hydrological studies of the river regime, the results of
which must contain the following data:

— the length and sources of supply of the river, the area of its catch-
ment basin;

— the width and depth of the channel flow, its slope;

— the nature of the banks and the type of channel process in the
studied section of the river, an assessment of the nature of deep and
planned deformations of the channel and floodplain;

— current velocities, discharge and river level marks during low water
and floods, their recurrence and probability;

— characteristics of floods, their intensity and duration, the bounda-
ries of flooding of the areg;

— data on the height, length, period and occurrence of wind waves;

— duration of ice drifts, as well as data on the thickness and density
of the ice cover.

Comparison and selection of optimal designs should be accompa-
nied by appropriate technical and economic justifications, the develop-
ment of which should take into account the degree of feasibility and effec-
tiveness of design and construction solutions for various options. Tech-
nical and technological solutions for a specific option should contain as-
sessments of the economic, social and environmental effects of its im-
plementation.

Conclusion

Retrospective analysis of aerial photography data for the period from
2004 to 2022 based on the dynamics of spatial deformation of the river
bed made it possible to establish the average annual rate of coastline
displacement, which amounted to 0.85 m/year. Provided that the general
cross-section of the channel and the established predicted displacement
rate are preserved, the value of channel erosion in the vertical plane was
determined (0.41 m/year).

Based on the results of in-kind studies and remote sensing, a digital
model of the terrain of the Western Bug River catchment area in the stud-
ied section was created, and based on the data of geodetic surveys and
echo sounding, a detailed model of the channel of the studied area was
constructed. The average long-term water flow in the studied section of
the Western Bug River was 80.2 m3s, and the spring flood of 1 % proba-
bility was 818 m¥s. The determination of the calculated levels was car-
ried out on the basis of the natural hydraulic slope.

The developed hydraulic model of the studied section of the channel
is based on the use of two dependencies: the low-water equation and the
Navier-Stokes equation. The method was selected based on the conver-
gence data when calculating the coefficient matrix of the system of equa-
tions. The model included from 10 to 20 layers of the computational grid
vertically. Sections at risk of erosion were identified, namely the
coastal/shore zone along the right bank in the area of the bend, both
before and after it. The second section refers to the floodplain zone cor-
responding to the maximum convergence of the meanders of the chan-
nel, the flooding of which occurs during the spring flood.
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In the channel part, bank stabilization is recommended in the form of

rock fill or stone paving, since the flow rates do not exceed 2 m/s. For the
floodplain part near two meanders, it is necessary to provide for stabiliza-
tion in the form of rock fill with a connecting structure for passing flood
waters.

. Zheljaznjakov,
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Abstract

The article presents a new solution to reduce the load of phosphorus and nitrogen on urban wastewater treatment plants, based on the use of semi-
burnt dolomite to extract these elements from sludge waters. The efficiency of the proposed method is compared with existing purification technologies
using the example of the Minsk wastewater treatment plant. The methods for determining the concentrations of phosphate phosphorus and ammonium
nitrogen in model and real wastewater samples are described in detail. The analysis of model data simulating various pollution scenarios made it
possible to evaluate the efficiency of phosphorus and nitrogen extraction using various reagents. The study takes into account all key return flows of
wastewater treatment plants, including silt ponds, water after compaction of activated sludge and fugate after sludge dewatering. Daily material
balances for total nitrogen and total phosphorus have been developed for a comprehensive assessment. Experimental studies with fugate obtained
after dehydration of sediment with pretreatment with polyelectrolyte have confirmed the effectiveness of semi-burnt dolomite for the extraction of
phosphorus and nitrogen, which opens up prospects for obtaining phosphorus-containing fertilizers. The dependence of the degree of extraction of
phosphates and ammonium nitrogen on factors such as pH and the initial ratio of concentrations of these elements in the return streams was revealed.
The results obtained indicate the high efficiency of using semi-burnt dolomite to reduce the load on wastewater treatment plants and create conditions
for the production of environmentally friendly fertilizers. This scientific research is of high practical importance and contributes to the development of
resource-saving and environmentally friendly wastewater treatment technologies.

Keywords: extraction, ammonium nitrogen, phosphate phosphorus, wastewater treatment plants, liquid fraction from mechanical sludge
dewatering, return flows, semi-burnt dolomite.

W3BNEYEHME A30TA U ®OCOOPA U3 MNOBbIX BOJ KOMMYHANBHbIX OYUCTHBIX COOPYXEHWUM

H. I. ByHuHa, B. H. Mapuynb, A. U. Yyxonbckui

Pechepar

B craTbe nmpencTaBneHO HOBOE PELLEHWE ANS CHKEHWS Harpysku docdopa v asoTa Ha FOPOACKME OYMCTHbIE COOPYXEHMSI, OCHOBaHHOE Ha
MpUMeHEeHN NoNYOBONOKEHHOTO A0NOMUTA NS U3BNIEYEHNS 3TUX 3IEMEHTOB W3 UIoBbIX BOA. MpoBeaeHO cpaBHeHWe athdeKTMBHOCTY Npeanaraemoro
MeToAa C CYLLECTBYIOLWWUMM TEXHOMOTMAMM OYUCTKM Ha npumepe MUHCKOA OuMcTHOM CTaHuuu. [ogpobHO onmcaHbl METOAMKW onpeaeneHus
KOHLIeHTpauui doccopa octhaTHoro M asota aMMOHWAHOTO B MOLEMbHbIX W peanbHbX Mpobax CTOYHbIX BOA. AHanmM3 MOAENbHbIX AaHHBIX,
VIMUTVPYIOLNX PasfMyHbIE CLEHApUM 3arpss3HeHns, Mo3BONUN OLEHUTb 3thdEeKTMBHOCTb W3BMeYeHns docdopa M as3oTa Mpu WUCMONMb30BAHMMK
pa3nuyHbIX peareHToB. B 1ccrefoBaHUM yuTeHbl BCE KNKOYEBbIE BO3BPATHbIE MOTOKM OYMCTHBIX COOPYXEHMIA, BKIKOYas MNoBble NpyAbl, BOLY nocne
YNMOTHEHUS! aKTUBHOTO Una W ¢pyrat nocne 06e3BoXmBaHMs ocagka. [ns KOMMMIEKCHON OLEHKW pa3paboTaHbl CyTOYHbIE MaTepuanbHble BanaHck! no
obuwemy asoty u obuemy docdopy. OKcnepuMeHTanbHble UcCnedoBaHust € yraToMm, MoMydYeHHsIM nocre 06e3BOXWBaHWA Ocagka C
npeaBapuTenbHoit 06paboTkoi NONMaNeKTPONUTOM, NOATBEPANIM 3C(EKTUBHOCTL NONYOOOMKEHHOMO LONOMUTA ANs U3BNeYeHus docdopa u asoTa,
4TO OTKPbIBAET MEpCnekTMBLI MonyyeHns chocdopcopepxkalyero ynobpeHns. BbisiBneHa 3aBUCMMOCTb CTeMeHU W3BneyeHust ocdaToB W
aMMOHMIAHOTO a30Ta 0T (DaKTOPOB, TakWX Kak PH 1 MCXO[HOE COOTHOLIEHWE KOHLEHTPALMA 9TUX SMEMEHTOB B BO3BPATHbIX MOTOKaX. MMonyyeHHble
pesynbTaThl CBUAETENCTBYIOT O BbICOKOW 3(DGEKTUBHOCTM MPUMEHEHWS MOMYyoBOMOKEHHOTO [OMOMUTA A YMEHbLUEHWS HarpyskM Ha OYMCTHble
COOPYXEHUS W CO30AHMS YCNOBWA ANs MPOW3BOACTBA 3KOMNOMMYECKM umcToro yaobpeHus. [laHHOe HayyHOe wWCCriegoBaHWe MMEeT BbICOKOE
MpaKTM4eckoe 3Ha4eH1e U BHOCKT Bknap, B pa3paboTky pecypcocbeperaloLLyx 1 akonoruieckv 6e3onacHbix TEXHOMOMIA OYUCTKA CTOYHBIX BOA,.

KnioueBble cnoBa: W3BneYeHWe, a3oT aMMOHWUAHBIA, ocdop ocdaTHbIA, OYUCTHbIE COOpYXeHWs, yraT, BO3BpaTHble MOTOKH,
nomnyo60MXKEHHbI JONOMUT.

Introduction generated during the thickening and mechanical dewatering of sewage

Currently, nitrogen and phosphorus are indispensable elements for
plant growth and form the basis of mineral fertilizers, the demand for
which is constantly increasing under conditions of intensive agriculture.
The sole source of phosphorus for fertilizer production is non-renewable
phosphate and apatite ores, which will lead to its future scarcity [1].

Municipal wastewater treatment plants (WWTPs) play a crucial role
in ensuring the environmental safety of water bodies. A key indicator of
their efficiency is the degree of reduction in the content of nitrogen and
phosphorus compounds in wastewater. The excessive influx of these
elements into water bodies leads to eutrophication, disrupting the ecolog-
ical balance and deteriorating water quality [2].

Traditional methods of wastewater treatment for biogenic elements
do not always provide sufficient efficiency. In particular, sludge water

sludge (filtrate) contains significant concentrations of nitrogen and phos-
phorus [3]. Returning to the inlet chamber, it increases the load on the
wastewater treatment plant and reduces the quality of treatment.

Therefore, the development of effective methods for extracting bio-
genic elements in a usable form from sludge water is a pressing task.
This will not only reduce environmental pollution but also create an oppor-
tunity for the production of valuable fertilizers.

1 Principal methods for phosphorus removal from wastewater

The elevated phosphorus concentration in municipal wastewater, sig-
nificantly exceeding that found in natural water bodies, is a primary driver of
eutrophication and consequent water quality degradation. Municipal
wastewater exhibits approximately 250 times higher phosphorus levels
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compared to natural environments. Phosphorus enters WWTPs via the
sewerage system. Principal sources of phosphorus in municipal wastewater
include human waste products and phosphate-based detergents [4].

Various methods exist for phosphorus removal from wastewater,
broadly categorized into three groups: chemical, physico-chemical, and
biological [5]. Chemical methods rely on the application of chemical rea-
gents to bind phosphorus and render it insoluble. Physico-chemical
methods encompass processes such as precipitation, coagulation, flota-
tion, and adsorption, all aimed at phosphorus removal through insolubili-
zation. Biological methods utilize microorganisms to absorb phosphorus
from wastewater and incorporate it into their biomass [6].

Currently, a widely employed method involves the extraction of
phosphorus from sludge water as a complex ammonium, magnesium,
and orthophosphoric acid salt — the sparingly soluble compound
MgNH,PO, (struvite) — which can subsequently be utilized as a fertilizer
[7]. This method facilitates the simultaneous removal of nitrogen and
phosphorus, enhancing its ecological and economic viability.

Research into struvite recovery from wastewater and its application
as fertilizer is ongoing globally. Technological schemes for struvite extrac-
tion have been developed for various sources, including municipal
wastewater, steel mills, tanneries, coking processes, landfill leachate,
livestock and dairy farms, and blackwater from decentralized treatment
systems. Research into struvite’s application as a fertilizer has spanned
nearly two decades [8, 9].

In global wastewater treatment practices, various technologies are em-
ployed for the removal of nitrogen and phosphorus compounds. These include:

1. The University of Cape Town process. This process design mini-
mizes nitrate inflow to the anaerobic treatment zone, thereby enhancing
the efficiency of biological phosphorus removal.

2. The A2/0 process. This represents a modification of the A/O pro-
cess, incorporating a dedicated denitrification zone. Effective phosphorus
removal using this configuration is limited to wastewaters exhibiting high
concentrations of organic compounds.

3. The Bardenpho process. This five-stage process includes an addi-
tional denitrification/nitrification step compared to the A2/O process, miti-
gating the adverse effects of nitrate within the anaerobic zone under
conditions of incomplete denitrification [10].

Separate technologies are employed for the treatment of sludge wa-
ter, targeting either nitrogen or phosphorus extraction. Phosphorus re-
covery technologies include Phostrip, Ostara PEARL, and PRISA, while
nitrogen removal is achieved using BABE, CANON, and DEMON pro-
cesses. Phosphorus removal efficiencies may reach 85 %, while nitrogen
removal rarely exceeds 30 % [11-13].

The application of semi-burnt dolomite (calcined at 600-750°C) rep-
resents a promising approach for phosphorus adsorption. Prior research
has demonstrated its high effectiveness in removing phosphate phospho-
rus from wastewater treatment plant return streams [14].

The present investigation aims to assess the efficiency of nitrogen
and phosphorus extraction from sludge water under operational
wastewater treatment plant conditions using a range of reagents.
The following objectives will be pursued:

1. Conduct a compositional analysis of return flows from the
Minsk wastewater treatment plant and establish a mass balance for nitro-
gen and phosphorus.

2. Determine the extraction efficiency of nitrogen and phospho-
rus from sludge water at the operational wastewater treatment plant using
various reagents.

3. Quantify the yield of phosphorus-containing products resulting
from phosphorus extraction from sludge water at the treatment plant.

2 Materials and methods

Model waters containing phosphate phosphorus and ammonium ni-
trogen and silt waters formed at the Minsk treatment plant during com-
paction and mechanical dewatering of sediment (fugate) were used as
research objects.

Model wastewater containing ammonium and phosphate ions at
specified concentrations was obtained by mixing solutions of K2HPO4 and
NH4Cl in terms of phosphate and ammonium ion in certain ratios.
The concentrations of ammonium nitrogen and phosphate phosphorus
were assumed to be similar to their content in the streams that have de-
veloped and are predicted in the streams of wastewater treatment plants.

To determine the composition of the return flows of the Minsk treatment
plant with determination of the concentration of ammonium nitrogen (NH4*)
and phosphate phosphorus (PO,%’), samples of fugate, silt waters from ponds
and after silt compactors were used, which were selected on 04/24/2024.

MGSO4:7TH20, semi-burnt dolomite (firing temperature — 700-
750 °C), CaO were used as reagents for the extraction of phosphate
phosphorus and ammonium nitrogen.

Magnesium sulfate is a water-soluble fine powder of white or light
gray color. It is obtained by the interaction of magnesite with sulfuric acid,
followed by filtration, crystallization and drying of the product in a drying
drum. Magnesium sulfate 7-aqueous is used in agriculture as a fertilizer
and in the production of synthetic detergents, as a technological raw
material in the chemical, metallurgical, pulp and paper, textile industries,
in the production of building materials and other industries [15].

The concentration of phosphate phosphorus was determined by
photometric method with ammonium molybdate, and ammonium nitrogen
was determined by photometric method using Nessler reagent [16, 17].

3 Nitrogen and Phosphorus Extraction from Wastewater Sludge
Using Semi-burnt Dolomite

To establish the established distribution of nitrogen and phosphorus
throughout the wastewater treatment plant's material flows, in addition to
the routinely monitored concentrations in the influent and effluent
wastewater streams, the concentrations of ammonium nitrogen (NH,*)
and phosphate phosphorus (PO,*") were determined in the return flows.
These return flows included the return from sludge ponds, sludge water
after thickening of excess activated sludge (EAS), and the fugate after
cake dewatering.

The concentrations of ammonium nitrogen and phosphate phospho-
rus in the return flows from the Minsk wastewater treatment plant are
presented in Table 1.

Table 1 - Ammonium nitrogen and phosphate phosphorus concen-
trations in return flows from the Minsk wastewater treatment plant

Concentration, mg/dm3
Return flow ammonium mtrqgen phqsphorus phosphate
minimum | maximum | minimum | maximum
value value value value
From sludge
ponds 10,5 535 14,1 143
After sealing
the EAS 2,6 29,1 7,0 131
Fugate 26,8 73,2 63,3 191

Analysis of Table 1 reveals a substantial variation and wide range in
ammonium nitrogen and phosphate phosphorus concentrations within the
return flows of the Minsk wastewater treatment plant. The highest con-
centrations of both nutrients are observed in the return flow from sludge
ponds, indicating a significant load on the treatment plant due to the
transfer of these nutrients from the sludge deposited in the ponds into the
sludge water.

Based on the data obtained during the analysis of the composition of
return flows and wastewater at the entrance and exit from the treatment
facilities, the material balances of total phosphorus and nitrogen for the
Minsk treatment plant per day were compiled.

The daily material balance for total phosphorus is shown in Figure 1.

Figure 2 illustrates the daily mass balance for total nitrogen.

The analysis of material balances shows that the nitrogen and phos-
phorus content in the return streams has a significant effect on the com-
position of wastewater entering the aeration tank. Given that sediments
placed on silt ponds are not used, it is possible to estimate how much
nitrogen and phosphorus are annually withdrawn from circulation at
wastewater treatment plants.

For effective biological treatment, a BOD (biological oxygen de-
mand):N:P ratio of 100:5:1 is required [18]. Significant deviations from
this ratio will reduce the overall efficiency of water treatment.

It is important to note that the nitrogen and phosphorus concentra-
tions in the return flows significantly exceed those in the influent
wastewater, substantially increasing the load on the treatment plant.
The use of a biogas complex for sludge stabilization will further increase
the load on the aeration tank with respect to these compounds.
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1 - influent chamber; 2 — screens; 3 — grit chambers; 4 — primary clarifiers; 5 — aeration tanks; 6 — secondary clarifiers; 7 — sludge thickeners;
8 — grit storage areas; 9 - sludge treatment facility; 10 - sludge ponds
Figure 1 — Daily mass balance of total phosphorus in return flows at the Minsk wastewater treatment plant
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1 - influent chamber; 2 — screens; 3 — grit chambers; 4 — primary settling tanks; 5 — aeration tank; 6 — secondary settling tanks; 7 — sludge thicken-
ers; 8 — grit storage areas; 9 - sludge treatment facility; 10 — sludge ponds
Figure 2 — Daily mass balance of total nitrogen in return flows at the Minsk wastewater treatment plant

To study the efficiency of extraction of ammonium and phosphate
ions from sludge waters, studies have been conducted on model
wastewater. The model wastewater contained ammonium and phosphate
ions in concentrations corresponding to their content in the streams of the
Minsk treatment plant. Published data were used to account for the con-
centrations of these elements in sludge waters after the introduction of
the biogas complex [19].

This study investigated three options for ammonium and phosphate
ion removal, differing in the type of reagents used: MgSO,-7H,0, partial-
ly semi-burnt dolomite, and CaO.

The results of the studies are presented in Table 2.

Analysis of the results presented in Table 2 shows that the use of
semi-burnt dolomite (700 °C) provides the most effective phosphorus
removal (over 90 %) from the model wastewater. Ammonium nitrogen
removal efficiency is also quite high (70-80 %) with this method. The use
of MgS0,-7H,0 results in lower ammonium removal (around 60 %), but
higher phosphorus removal (around 85 %). The addition of CaO provides
the lowest removal efficiency for both phosphorus and ammonium.

It is important to note that when the ratio of ammonium and phos-
phate ions in the model wastewater is changed (samples 4-6), a de-
crease in phosphorus removal efficiency is observed when using

MgS0O,-7H,0 and CaO. Meanwhile, the use of semi-burnt dolomite
(700 °C) maintains a high degree of phosphorus removal.

Samples 1-3 of the model wastewater contained ammonium nitrogen
and phosphate phosphorus in ratios similar to those found at the Minsk
Wastewater Treatment Plant. Samples 4-6 reflected the concentrations
of these substances in the digestate after anaerobic digestion.

The results from the model wastewater studies were used to select the
optimal conditions for removing nitrogen and phosphorus from the digestate
produced at the Minsk wastewater treatment plant. This digestate is the
byproduct of sludge dewatering with a prior polymer conditioning. The initial
concentrations of ammonium nitrogen and phosphate phosphorus in the
digestate were 45 mg/dm? and 131 mg/dm?, respectively.

Depending on the type and concentration of reagents, the removal
efficiency of ammonium nitrogen varied from 37.7 % to 96.6 %, and
phosphate phosphorus from 57.1 % to 99.5 %. Increasing the nitrogen
removal efficiency was achieved by adding phosphate to concentrations
stoichiometrically appropriate for the formation of magnesium ammonium
phosphate. Nitrogen and phosphorus were removed as a part of the
sludge, separated from the sludge water by settling for 30 minutes after
reagent addition and mixing.
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Currently, a reconstruction project is underway at the Minsk
Wastewater Treatment Plant. This project aims to increase the depth of
dephosphorization/denitrification and construct an anaerobic digestion
sludge treatment block. The project will be implemented in stages over 5—
6 years [20].

Table 2 — Results of studies on model wastewater

Given this, a crucial task for the Minsk Wastewater Treatment Plant
is now ensuring nitrogen and phosphorus removal from the sludge water.
This will not only improve the overall treatment efficiency for these com-
pounds but also create a valuable fertilizer.

Ammonium ion Phosphate phos-
Model Reagents concentration Removal phorus concentra- Removal pH
water No. 9 (mg/dm3) efficiency (%) tion (mg/dm3) efficiency (%)

before after before after before after

MgS04:7TH20 16,4 59 21,8 85,5 94 94

1 semi-burnt dolomite (700 °C) 40 4,27 89,3 150 1,61 98,9 7.2 9,6
Ca0 28,2 29,5 11,9 92,1 7.2 85
MgS04-7TH.0 5,78 89,4 40,2 79,9 10,4 9,9

2 semi-burnt dolomite (750 °C) 50 8,47 78,1 200 7,68 912 Z)g gg
Ca0 41,2 17,6 50,9 74,6 7.2 8
MgSOs-7H.0 16,2 73 474 81,0 9,76 9,5

3| semi-bumt dolomite (700°C) | 60 18,3 645 250 | 243 853 11 52
Ca0 43,1 28,2 38,8 84,8 71 8,0
MgS04:7TH20 255 60,2 6,2 98,3 9,7 9,5
4 | semi-bumtdolomite (700°C) | 640 351 402 370 | 104 047 gg 881956
Ca0 568 11,3 139 62,5 6,3 7.7
MgS04:7TH20 221 59,1 19,9 93,8 9,54 9,54
5 semi-burnt dolomite (700 °C) 540 125 71,8 320 3 94,1 69‘956 99556
Ca0 521 35 101 68,5 6,93 79
MgS04:7TH20 289 61 7,32 98,3 9,45 9,4
6 semi-burnt dolomite (700 °C) 740 2,6 95,6 420 3,41 95,2 ?082 1?2
Ca0 517 30,1 12 71 675 | 78

Conclusion 4. Zalyotova, N. A. Osobennosti himicheskogo udaleniya fosfora pri

This study confirmed the effectiveness of removing nitrogen and
phosphorus compounds from wastewater treatment plant sludge water
using semi-burnt dolomite and MgSO4-7H20.

The efficiency of ammonium nitrogen and phosphate phosphorus
removal depends on several factors, including pH, the initial nitrogen-to-
phosphorus ratio in the water, and the type of reagents used. The best
results for simultaneous nitrogen and phosphorus removal from the Minsk
Wastewater Treatment Plant digestate were achieved using an additional
phosphate source (NaH2POx).

Using this nitrogen and phosphorus removal process from the Minsk
Wastewater Treatment Plant digestate, up to 0.26 tons of total phospho-
rus and up to 0.19 tons of total nitrogen per day can be recovered as a
phosphorus- and nitrogen-containing fertilizer (up to 2 tons total).

When removing nitrogen and phosphorus from the digestate of di-
gested sludge, up to 1.672 tons of total phosphorus and up to 2 tons of
total nitrogen per day can be recovered as a phosphorus- and nitrogen-
containing fertilizer (up to 13 tons total).
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Abstract

The article presents an analysis of the main sources of radioecological risks and disasters in the world and the Republic of Belarus. It is shown that
the consequences of radioecological disasters are aggravated by natural phenomena and disasters (hydrometeorological, seismological, etc.). For the
Republic of Belarus, the most significant sources are nuclear heritage sites, potential nuclear and radiation disasters, transportation of nuclear materials
and transboundary transfer. The main problems of radioecological risk management in Belarus before 1986 are identified and methods for solving them
are proposed, taking into account the implementation of a preventive approach. The need for control and management of organizational risks in the
radiation safety is shown. The importance of improving the efficiency of the radiation monitoring and radiation situation forecast system, as well as early
warning systems and threat and risk mapping, was noted, taking into account known current and potential threats.

Keywords: radioecological disasters and radiation safety, radioecological risk management mechanisms, risk rank, monitoring and forecasting of
the radiation situation, exposure situations, radiation safety management (RSM), ionizing radiation (IR), Sendai Framework for Disaster Risk Reduction
2015-2030.

MPOBNEMbI YNPABNEHWUSA PUCKAMU B COEPE PAOUALIMOHHOW BE3OMACHOCTM B PECNYBJIUKE BENTAPYCb
B PA3NUYHbIX CUTYALINAX

M. T. FepmeHuyyk

Pedepar

B cTaTbe npefcTaBneH aHann3 0CHOBHbIX MCTOYHUKOB PafNO3KOOrMYeckinx puckos v beactauin B Mupe 1 Pecnybninke benapych. MokasaHo, 4To
rMocrneAcTBus pagmoakonoryecknx OedcTBuit ycyrybnsiotcs sBneHuaMM W 6ef[CTBUSAMM MPUPOAHOTO XapakTepa (rMEpOMETeopONnoruyeckumy,
ceiicmonornyeckumn v gp.). Ana Pecnybnuku Benapycb Hanbonee 3HauMMbIMW WCTOMHMKAMKU SBNAIOTCA OOBEKTbI SAEPHOTO Hacneaus,
MoTeHUManbHblE SAepHble W PaanaLnOHHbIE KaTacTpodbl, TPAHCMOPTUPOBAHWNE ALEPHbIX MATepuanoB M TPaHCTPaHWuHbIA nepeHoc. BbiaeneHs
OCHOBHbIE NPOBNEMbI ypaBneH!s PaAnoaKonoruieckumm puckamn B benapycu 4o 1986 n npeanoxeHsl METOAbI UX PELLEHNS C Y4ETOM peanusaLnm
NpeBeHTUBHOrO nogxoda. MokasaHa HeOBXOAMMOCTb KOHTPOMS W yNpaBneHns OpraHn3aunoHHbiMM puckamu B cepe OPB. OTmeuveHa BaxHOCTb
MoBbILLEHNS 3PDEKTUBHOCTU CUCTEMBI PAAMALIMOHHOTO MOHUTOPMHIA 1 NPOrHO3a PaaMaLMOHHON 06CTAHOBKM, a Takke CUCTEM PaHHEro OMOBELLEHNS 1
KapTMPOBaHMS YTPO3 1 PUCKOB, Y4UTbIBAS N3BECTHbIE AENCTBYIOLLME W NOTEHLMANbHbIE YTPO3bl.

KnioyeBble cnoBa: pagnoskonoruyeckme GeAcTBIs U paguaLmoHHas 6e30NacHOCTb, MeXxaHU3Mbl YNpaBNeHUs Pao3KONOTUYECKUMMU pUCKaMM,
CTeneHb puCKa, MOHWTOPUHT M NPOTHO3 pPafuaLMOHHON OGCTaHOBKW, CUTyaumu 0BnydyeHus, obecneyeHne paanaumoHHon GesonacHocTn (OPB),

noHmuaupytoLlee uanydenue (M), CeHganckas pamoyHast nporpamma no CHinkeHuto pucka 6eacteuit Ha 2015-2030 rr.

Introduction

The results of the analysis of disaster management activities, includ-
ing in the field of radiation safety, lead to the conclusion that the most
effective method is the systematic implementation of a preventive ap-
proach. This means increasing the role of disaster risk prediction for
planning protective measures and subsequent resilience building in terms
of establishing and maintaining risk management mechanisms, as envi-
sioned by the Sendai Framework for Disaster Risk Reduction 2015-2030
(hereinafter referred to as the SDRR).

It is important to note that the SDRR provides middle-income coun-
tries that face specific challenges with additional support through interna-
tional cooperation to provide them with means of implementation in line
with their national priorities.

The Republic of Belarus, which faces specific difficulties in the form
of radiological and radioecological consequences of the Chernobyl catas-
trophe, has had scientific, technical and humanitarian support for a long
period of time in the framework of international conventions and bi- and
multilateral treaties.

The SDRR currently consists of seven global targets, two of which di-
rectly affect radiation protection and safety:

Strengthening critical infrastructure and disaster resilience;

implementation of multi-hazard early warning systems, and improving
access to information and assessments of disaster risk for information
stakeholders, primarily the public.

Materials and methods of research

The object of the study is radiation safety and sources of radioeco-
logical risks and disasters. The subject of the study is the methods of
radioecological risk management. As a general scientific, methodological
and practical base the current strategies of disaster risk reduction of natu-
ral and anthropogenic character, proposed by the PSA, adapted to radio-
ecological risks important for the Republic of Belarus are used [1]. Based
on this approach, a critical analysis of the main problems of radiation
safety in the Republic of Belarus before and after the Chernobyl NPP
disaster is presented [2, 3, 4, 5].

The logical-historical approach and system analysis, risk theory, ex-
pert and other methods were used in the analysis.

Sources of radioecological risks and disasters in the world in
the Republic of Belarus

The worldwide practice of disaster management in the field of radia-
tion safety identifies six main categories that cover a wide range of man-
made events and that generate different types of exposure situations:

I Nuclear and radiation accidents and disasters, including nuclear
and reactor accidents, industrial accidents, accidents with orphaned IR
source, accidents with spacecraft and satellites, accidental discharges
into the world's oceans, and others.

Il. Nuclear explosions for peaceful purposes.

lIl. Mining of naturally occurring radioactive materials.
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IV.  Dumping of radioactive materials into the world's oceans for disposal.

V. Transportation of radioactive materials.

VI. Nuclear Legacy.

It should be noted that analysis of the data presented in available
sources shows that all categories, except lll and V, consider only those
events that are a fait accompli of an accident or disaster. Potential
sources of disasters are not identified, e.g. planned for construction nu-
clear power facilities (hereinafter — NPF) are not systematically analyzed
and categorized, which does not allow assessing the whole range of
radiation safety threats and risks.

Note that global radioactive contamination due to the testing and use
of nuclear weapons as a source of radioecological disasters is also not

singled out as a separate category, but can be considered in Category |
as the event itself, and in Category VI “Nuclear Legacy” as radioecologi-
cal consequences for the environment. It should be noted that as of Jan-
uary 1, 1990, no less than 1806 nuclear explosions had been carried out
in the world in natural mediums: in space, in the atmosphere, under water
and underground. Of these, 922 (51 %) were carried out by the USA and
644 (36 %) by the former USSR, while the remaining countries accounted
for 240 (13 %) [6].

In general, it can be stated that six known Category | events
caused radioecological disasters of different levels and scales:
from 5 to 7 on the INES scale, including the Chernobyl and Fukus hi-
ma NPP catastrophes (Table).

Table — The most significant nuclear and radiation accidents and disasters at nuclear and reactor facilities

Ne | Name of the object/location of the source | Causes of accident, catastrophe / INES Time Main radionuclides in the
radioecological risk, level release / discharge, other
contaminated environmental objects parameter§ of @he radiafion
situation
1. Mayak Production Enterprise / former | Violations of radiation safety requirements | 1949-1956 Strontium-89,90,  cesium-
USSR, Russia, Southern Urals / Techa | /Level 6 137, ruthenium-103,106,
River, East Ural trace / atmosphere, soil / zirconium-95,  niobium-95,
hydrosphere, flora, fauna cerium-141,144, yttrium-91,
barium-140
2. Sellafield nuclear complex, Windscale | Violations of nuclear and radiation safety | 1957 lodine-131, cesium-137,
site / United Kingdom, Cumbria, / atmos- | requirements ruthenium-106, xenon-133,
phere, soil / Level 5 polonium-210
3 Mayak Production Enterprise / former | Violations of radiation safety requirements | 1967 Strontium-89, 90, cesium-
USSR, Russia, South Urals, Kyshtym / | in combination with natural hazards 137, cerium-144
Lake Karachay, Karachay trace / soil, | /Level 6
bottom sediments
4 Three Mile Island Nuclear Power Plant / | Violations of nuclear and radiation safety | 1979 lodine-131, cesium-137,
USA, Pennsylvania / requirements xenon-133
Atmosphere / Level 5
5 Chernobyl NPP / former USSR, Ukraine, | Violations of nuclear and radiation safety | 1986 Radioisotopes of iodine and
Chernobyl, atmosphere, soil, hydro- | requirements, the consequences of which tellurium, including iodine-
sphere, flora and fauna were multiplied by the transfer of radioac- 131, tellurium-132, cesium-
tive materials in the biosphere and the 134,136,137, ruthenium-
negative impact of IR on biota and hu- 103,106, IRBs, including
mans xenon-133, strontium-89,90,
/Level 7 zirconium-95,  niobium-95,
cerium-141,144, barium-
140, plutonium-238,239,240
and others
6 Fukushima NPP / Japan, Fukushima | Natural processes (tsunamis) that result- | 2011 Radioisotopes of iodine and
Prefecture / atmosphere, soil, hydro- | ed in nuclear and radiation safety viola- tellurium, including iodine-
sphere, flora and fauna tions, the consequences of which were 131, tellurium-132, cesium-
multiplied by the transport of radioactive 134,137
materials in the biosphere and the conse-
quences of the negative impact of IR on
biota and humans
[ Level 7

At present radiological and radioecological consequences of these
accidents and disasters are studied quite well and are used in the scien-
tific process as a reliable base of empirical and theoretical knowledge, but
attention should be paid to an important identified property of such
events — aggravation of negative consequences for humans and the
biosphere in the interaction of man-made disasters, in our case - radio-
ecological, with natural conditions/disasters of hydrometeorological,
seismic and other nature.

Thus, as an example of such a negative interaction effect, we can con-
sider the events (radioecological disasters) associated with Mayak Produc-
tion Enterprise (Lake Karachay and Karachay trace, 1967), as well as the
disasters at the Chemobyl NPP (1986) and Fukushima NPP (2011).

Radioactive contamination of Lake Karachay (water and bottom sed-
iments) was caused by the fact that, starting from 1951, liquid radioactive

waste of Mayak Production Enterprise through the hydrographic network
was redirected into Lake Karachay [7].

As a result of natural sedimentation processes in the bottom sediments
of the lake, significant amounts of radioactive substances were accumulat-
ed from the suspended sediment and, partially, from the soluble fraction,
which were artificially removed into the hydrographic network.

In 1967, due to dangerous hydrometeorological phenomena (drought
and lowering of the lake level), radioactive contamination of the territories
adjacent to Lake Karachay occurred, when about 5 hectares of the lake
bed dried up, exposing radioactive bottom sediments. Then, under the
action of meteorological phenomena (dust wind uplift and strong wind),
radioactive material from the lake bottom got into the surface layer of the
atmosphere and in the form of finely dispersed particles and aerosols
atmospheric transport was activated, as a result, radioactive contamina-
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tion with a total activity of about 22 TBq (strontium-90, cesium-137, ceri-
um-144) was formed in the area of more than 2700 square kilometers
adjacent to the lake [8].

Thus, we can say that for Lake Karachay and Karachay trace the
process of radioactive contamination consisted of three parts: artificial
release of radioactive substances into the environment (discharges of
liquid RAW by the enterprise “Mayak” into the river Techa and Lake Ka-
rachay) — natural processes of redistribution of radioactive substances
in the lake ecosystems — natural processes in the environment (drought,
wind uplift, strong wind), which led to further redistribution of radioactive
substances in the surface layer of the atmosphere, in soil, biotic and
abiotic objects and formed the “Karachay trace”.

The process of radioactive contamination of the biosphere as a result
of the Chernobyl NPP catastrophe consisted of two parts: artificial release
of radioactive substances into the environment as a result of the release
from the accident reactor — natural processes of redistribution of acci-
dental radioactive substances in the environment (near and far atmos-
pheric transport, wind uplift, surface and underground watercourses,
washing off from catchments, biogeochemical processes in soils, subsoils
and biotic objects) — radioactive contamination of the atmosphere, soils
and hydrosphere.

As a result, radioactive substances of “Chernobyl” origin were rec-
orded on the territory of the Northern Hemisphere of the Earth, which
were further included in the global processes of substance transfer in
nature [9].

Let us analyze the process of radioactive contamination of the envi-
ronment as a result of the Fukushima NPP catastrophe in 2011, which
looks as follows: natural processes (tsunami) led to the disruption of safe
operation of the NPP (including disruption of emergency power sup-
ply) — artificial release of radioactive substances into the environment as
a result of releases from 3 emergency reactors — natural processes of
redistribution of emergency radioactive substances in the environment
(near and far atmospheric transport, wind uplift, surface and airborne
radioactive contamination of the environment) [10, 11]. As is known, the
scale of radioactive contamination of the Fukushima catastrophe is so
significant for the Northern Hemisphere of the Earth that traces of iodine-
131, cesium-134,137 of “Fukushima” origin were detected on the radia-
tion monitoring network even in Belarus at a distance of more than
11 thousand kilometers [12].

Analysis of the sources of disasters in the field of radiation safety
listed above, as applied to the Republic of Belarus, shows that out of the
six categories identified, the following are relevant for Belarus:

nuclear and radiation accidents and disasters, in terms of accidents
at nuclear and reactor facilities, industrial accidents, accidents with or-
phaned IR sources;

extraction of natural radioactive materials — mining of potash ores
and production of potash fertilizers on the territory of Minsk and Gomel
oblasts of Belarus, as well as the presence of natural radionuclides in the
waste of phosphate fertilizers production (Gomel oblast);

nuclear legacy — consequences of global nuclear weapons tests and
the Chernobyl NPP catastrophe, storage and disposal sites for nuclear
materials and RW, as well as disposal sites for decontamination waste;

transportation of nuclear and radioactive materials, including trans-
boundary transportation;

use of nuclear materials for medical, energy and other purposes.

It should be noted that accidents with spacecraft and satellites, acci-
dental discharges into the world ocean, nuclear explosions for peaceful
purposes are of no practical importance for ensuring radiation protection
and safety of the population and the environment in the Republic of Belarus.

An important task of radiation safety in Belarus is to study the threats
and risks of Category V related to the management of RW received from
previous activities and, which is a specific country feature, with decon-
tamination wastes, which were formed in the process of ensuring radia-
tion protection of facilities in settlements and other territories and (or)
industries (forestry, agriculture, municipal, etc.) after the Chernobyl NPP
catastrophe.

In the Republic of Belarus, by decision of the Department of Nuclear
and Radiation Safety of the Ministry of Emergency Situations, the “Register
of radioactive waste and nuclear heritage storage (disposal) facilities” (here-
inafter — the Register), which includes 101 objects, has been created [13].

As of 2024, the most numerous group of objects included in the Reg-
ister is 86 objects of decontamination waste disposal, 10 objects of RAW
storage and disposal at UE “Ecores”. Belarusian NPP is responsible for 2
RAW storage facilities (solid RAW storage facilities at Units 1 and 2). The
Scientific Institution of NAS of Belarus “United Institute of Nuclear Re-
search — Sosny” ensures nuclear and radiation safety of the complex of
buildings and structures decommissioned after years of scientific re-
search using nuclear energy. The Gomel-30 radioactive waste disposal
facility is included in the Register as a separate facility.

In addition, the Polessky State Radioecological Reserve is included
in the Register as a nuclear legacy site. The PGRES includes the Bela-
rusian sector of the Chernobyl NPP Exclusion Zone and adjacent territo-
ries, where the highest levels of radioactive contamination of atmospheric
air, soil, surface water, flora and fauna have been recorded, with the
forecast indicating that the radiation situation will not change significantly
over the next centuries due to transuranic elements [14, 15].

In the Republic of Belarus, according to the annual Reviews of the state
of nuclear and radiation safety in the Republic of Belarus submitted by the
Department of Nuclear and Radiation Safety of the Ministry of Emergency
Situations of the Republic of Belarus, 4 cases related to the discovery of lost
radioactive sources and other radiation incidents were registered in 2022,
in 2021 -2,in 2020 - 5,in 2019 - 10, in 2018 - 5 [4, 5].

There are industries (Category Ill) in the world, which include thou-
sands of facilities related to the extraction of natural radioactive materials
(uranium mining) or in which radioactive materials are a by-product of
production (metallurgical, phosphate, coal and other fuel, oil and gas
industries, etc.). In the case of the Republic of Belarus, attention should
be paid to the phosphate, potash and fuel industries.

In Belarus, over the decades of operation of the Gomel Chemical
Plant, which is engaged in the production of complex phosphorus-
containing fertilizers, powerful dumps have formed, which consist mainly
of phosphogypsum, their mass to date exceeding 20 million tons, the
highest dumps reaching 95 m [16]. At present, phosphogypsum dumps of
the Gomel Chemical Plant as a monitoring object in the NSMOS of the
Republic of Belarus are not included in the radiation monitoring programs,
which is associated with low activities of natural radionuclides of the ura-
nium-thorium series in the production waste; however, the existing dumps
can be considered as a potential source of negative impact of IR on the
environment and humans.

It should be noted that it is also necessary to refer to assessments of
radioecological risks in potash fertilizer production, which can potentially
be the subject of management in the field of radiation protection and
radiation safety for the Republic of Belarus, which, along with Canada,
Russia, Germany, Brazil, USA, Israel and Jordan, is the leader in potas-
sium salt reserves with total reserves of more than 7.6 billion tons.
The content of potassium chloride in sylvinite of the second horizon at the
deposits of the Republic of Belarus is 25-33 %, at the same time, the
content of radioactive potassium-40 in the natural mixture of potassium-
39,40,41 is known to be 0.012 %.

Analysis of the world practice shows that the activity on transporta-
tion of radioactive materials, including transboundary transportation, is
the most active. Every year many thousands of cargo/packages with
radioactive materials are transported by road, rail, sea and air. Many
thousands of radioactive material packages are routinely transported
annually both within and between countries by road, rail, sea and air.
In Europe alone there are over 1 million shipments a year [17]. It should
be noted that in 2023, the Department of Nuclear and Radiation Safety
issued 213 permits for the import/export of radioactive materials to the
Republic of Belarus.

In conditions of “Chernobyl” radioactive contamination of the territory
of the Republic of Belarus the use of local fuel resources, mainly wood
and peat, has formed local problems due to increase of caesium-137
radionuclide concentration in ash waste, and it is possible to obtain ash
with activity corresponding to the category of radioactive waste (more
than 10 000 Bq/kg). According to the radiation safety requirements estab-
lished in the Republic of Belarus, specific activity of cesium-137 in wood
fuel should not exceed 740 Bg/kg (“Republican permissible levels of ce-
sium-137 content in wood, wood and wood products and other non-food
forestry products (RPL-2001)".
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Main problems of radioecological risks management on the ex-
ample of the Republic of Belarus and methods of their resolution

At the present stage, a general algorithm of radiation safety risk
management, which includes eight blocks/subsystems, has been created
and is used for analysis [18].

Retrospective analysis of the practice of radiation safety manage-
ment in the Republic of Belarus in the period from 1960 to April 1986 and
in the first period of the Chernobyl NPP catastrophe from the point of view
of the modern system of radioecological risk management shows that the
lack of long-term system planning in case of an accident has led to the
following consequences: scientific, methodological, organizational, tech-
nical and informational problems were formed in each subsystem.

Subsystem | “Radiation Safety Threat Assessment” (scientific,
methodological and information problem)

In practice, sources of threats in the sphere of radiation safety have
not been identified, quantified and ranked, with the exception of a “nucle-
ar” strike during military operations, while global radioactive contamina-
tion, existing and potential scientific and industrial nuclear facilities, in-
cluding power plants (Chernobyl, Ignalina, Rovno, Smolensk NPPs),
other sources of radiation impact on the population and territories as
a threat to radiation safety have not been considered [18, 19].

Subsystem Il “Vulnerability Assessment” (problem (scientific,
methodological and informational)

Only “present and future generations” in the context of radiological
risks were considered as the main object of radiation protection, which is
the most vulnerable from the point of view of negative impact of IR; due to
the lack of assessments of threats in the sphere of radiation safety, the
vulnerability of other objects, including natural ones, was not assessed,
which should have been differentiated: at the territorial level (settlement,
district, city, region), at the level of ecosystems, at the social level (econ-
omy, health care, etc.).

Subsystem Illl “Assessment of existing and planned activities”
(scientific, methodological and information problem)

Before the Chernobyl disaster, large nuclear facilities, such as the
four nuclear power plants around the country's borders, as well as
planned activities, such as the design of the Belarusian nuclear thermal
power plant, were not considered as sources of radioecological risks and
threats due to the lack of scientifically based requirements for assessing
radiation safety threats and vulnerability.

Subsystem IV “Analysis and Identification of Radiation Safety
Risks” (scientific, methodological and information problem)

Due to the erroneous statement about “absolute safety of NPPs” for
the population and the environment, risks from nuclear power facilities in
the energy sector were not analyzed, and the radiation control system
included, as a rule, only the 30-km zone around the nuclear power plant.
Nevertheless, the rank of risk, for example, from radioactive contamina-
tion of the environment with radioactive iodine on the territory of Belarus
in April-August 1986 was characterized as “high” and “extremely high”.
At the same time, the scientific community, the public and the mass me-
dia did not have access to reliable information important for radiation
protection and safety until 1987 [21].

Subsystem V “Analysis of possible options for risk reduction”
(scientific, methodological, organizational, technical and infor-
mation problem)

Based on the documents on civil defense of the population for “war-
time” in force in 1986, it was assumed that the following options for limit-
ing exposure in the short term were possible: special protective suits,
sheltering in a specialized protective facility, limitation of food consump-
tion, limitation of stay in the open air, taking iodine preparations and,
finally, evacuation.

Decisions to ensure the radiation safety of the public and the envi-
ronment based on a choice among these options in the first phase of the
accident in 1986 were ineffective because they should have been based
on a preliminary vulnerability and risk assessment, which were not per-
formed. At the same time, in 1986, decisions were made in an extremely

short time frame in the absence of necessary information in a situation of
uncertainty. Protective measures of medium- and long-term nature were
not planned, as well as measures aimed at minimizing environmental
pollution and its consequences.

Subsystem VI “Complex of operational and long-term measures to
prevent and neutralize radiation safety threats and risks” (scientific,
methodological, organizational, technical and information problem)

Lack of forces and means maintained in constant readiness on the
basis of organizational, personnel, financial, material, technical, informa-
tional and other resource support did not allow taking all necessary
measures to ensure radiation safety of the population and territories.
Combined with the policy of “closedness” of information about the Cher-
nobyl NPP radiation catastrophe and its consequences, and in the ab-
sence of an effective system of radiation monitoring of the environment,
the situation only worsened.

As is well known, the so-called “iodine prophylaxis” of the population
was not carried out in time to block radioactive iodine intake into the body
“spontaneous” amateur iodine prophylaxis of the population was late and,
of course, ineffective. It was not possible to promptly assess the scale of
radioactive contamination of the territory of Belarus, for example, samples
of atmospheric air and soil were not taken in time for determination of
short-lived iodine-131 on the whole territory of Belarus, and systematic
study of radioactive contamination of soil in the Mogilev region was start-
ed only in June 1986.

Subsystem VIl “Implementation of the complex of measures” (sci-
entific, methodological, organizational and informational problem)

The absence in the first years after the Chernobyl NPP catastrophe
of a normative legal framework for the implementation of a set of
measures in the form of laws of the Republic of Belarus, resolutions of
the Council of Ministers, other normative and normative technical acts, as
well as state and regional programs to eliminate and minimize the conse-
quences of the Chernobyl catastrophe, including radiation monitoring,
had a negative impact on the level of radiation safety.

Subsystem VIl “Evaluation of results and adjustment of the set
of measures, including on the basis of program monitoring” (scien-
tific, methodological, organizational and information problem)

Fulfillment of the requirements of this subsystem is currently imple-
mented through improvement of the regulatory legal framework in the
field of radiation safety, in the form of state programs to eliminate and
minimize the consequences of the Chernobyl catastrophe, including in
terms of radiation monitoring, including using the “feedback method”.

Based on the results of logical-historical analysis, we note that Bela-
rus had sufficient material, human and financial resources for the purpos-
es of radiation safety in the conditions of global bomb contamination.

However, in the conditions of the Chernobyl NPP catastrophe, the
problems of lack of resources for protection from the known, but not pre-
viously assessed threat immediately arose, including the lack of special-
ized laboratories equipped with the appropriate equipment (except for
some institutes of the Academy of Sciences, BSU, regional design and
survey stations of agricultural chemicalization of the Ministry of Agricul-
ture and Food), the lack of a sufficient number of qualified specialists, as
well as the lack of planned allocations for the purchase of equipment,
consumables and other materials.

It should be noted that in 1986 the equipment in common use had an
insufficient sensitivity threshold because it was designed to detect very
high levels of contamination due to a possible nuclear strike. For exam-
ple, the DP-5 dosimeter, which were mostly used at civil defense posts,
had a lower range of dose rate measurement (hereinafter referred to as
DPM) of 0 — 50 pR/h, while the DPM from natural background radiation in
the Republic of Belarus was estimated as 4 — 20 yR/h, and the widely
used at that time field scintillation radiometer (type SRP-6801), originally
designed for geological exploration works, due to its design features had
a significant overestimation error in the lower range of measurements. As
a rule, the equipment was not calibrated and certified, calibration sources
and batteries were often missing, and there was no system of test quality
control.
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Unfortunately, it should be recognized that by this time there was al-
so no real assessment of the needs of different information groups, so the
information that could be obtained could not fully satisfy the state admin-
istration bodies, radioecologists, radiobiologists and radiation hygienists,
as well as the public [18].

Let us analyze the problems of radioecological risk management
when decisions in the field of radiation safety are made in situations of
risk and uncertainty, assuming that these situations need to be reduced
to a situation of certainty.

The situation of risk is applicable to the situation of existing exposure,
for example, in the conditions of known radioactive contamination of the
environment after the Chernobyl catastrophe in the long term, when risks
are identified, ranked, for example, by RR, and programs for their minimi-
zation are in place.

On the one hand, assessments of the radiation situation, based on
data from environmental radiation monitoring and radiation monitoring of
foodstuffs, make it possible to control radioecological and radiological
risks and to maintain radiation safety at a socially acceptable level.

On the other hand, the existence of a number of variants (scenarios)
of radiation situation development and the presence of organizational
risks in the course of implementation of activities in the field of radiation
protection do not always allow to turn the situation of risk into a situation
of certainty. It should be noted that in this case such function of the sys-
tem of radiation monitoring of the environment as “assessment and fore-
cast of changes in the environment under the influence of natural and
anthropogenic factors” becomes decisive for assessment of consequenc-
es of realization of this or that variant (scenario) of changes in the radia-
tion situation.

Besides the problems related to forecasting, in the situation of risk in
the system of ensuring radiation safety there arises a methodical problem
of “radioactive contamination control”. At present, the regulatory docu-
ments of the Republic of Belarus determine that radioactive contamina-
tion control is subject to objects for which permissible levels of controlled
parameters are established [22].

For example, in accordance with the Law of the Republic of Belarus
“On the legal regime of the territories affected after the Chernobyl NPP

catastrophe” the territories, settlements are referred to the zones of radi-
oactive contamination when the control value of excess of radiation dose
over natural 1 mSv per year or “density of soil contamination with cesium-
137, strontium-90, plutonium - 238, 239, 240 is more than 1, 0.15 and
0.01 Cilsq.km, respectively” [23], and rationing of radiation doses was
carried out through radioactive contamination of foodstuffs in accordance
with the current hygienic standards or other standards of maximum per-
missible exposure to ionizing radiation [23].

Norming of radiation doses was carried out through rationing of radi-
oactive contamination of foodstuffs in accordance with the current hygien-
ic standards or other standards of maximum permissible exposure to
ionizing radiation.

At the same time, it should be realized that the problem of “control of
radioactive contamination” carries hidden additional risks. These risks
may be related, for example, to changes in the rationing systems. It
should be noted that food products in the post-Chernobyl period were
consistently rationed by a number of normative technical acts: from tem-
porarily permissible levels (TPL) during the accident, republican permis-
sible levels — 1992, 2000, 2012 to the regulations of the Customs Union.

This state of affairs causes another type of risks - organizational
risks, and can lead to a significant loss of information quality, since radia-
tion monitoring is carried out at the input and output of the technological
process of production of certain types of products at the enterprise to
assess its compliance with hygienic standards and does not meet the
quality requirements for spatial and temporal parameters mandatory for
the monitoring network [18].

At the same time, the equipment massively used for product monitor-
ing, which is relatively inexpensive and, as a rule, has a low threshold of
ispulse measurement, does not allow obtaining representative results in a
range much smaller than the specified control levels. However, it is this
range that is of interest in terms of the timely detection of trends in radia-
tion parameters, e. g. radioactive contamination of local foodstuffs of
plant and animal origin. On the contrary, the monitoring system uses
expensive measuring equipment with high sensitivity thresholds designed
to measure very low activities in samples, allowing to detect additional
contamination above the background contamination.
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Figure 1 - Positive scenario (row 1 — monitoring results, row 2 — control results, row 3 — lower detection limit of massively used equipment, row 4 — norm)

The diagrams shown in Figure 1 and Figure 2 illustrate the above. Let's
analyze the results of measurements of some environmental object in the
“control” mode and in the “monitoring” mode for some specified time.

So, if we take the conditional standard equal to 1 (row 4), and the
lower limit of detection of massively used equipment is conditionally taken
equal to 0.5 (row 3), it is obvious that the results in the “control” mode
(row 2), presented in Figure 1 indicate that the situation in the entire time
period 1 — 15 is positive: in the first period 1 — 8 there was a sharp de-
crease in contamination of the object under study, then in the time period
8 — 15 results “reached the plateau” of the lower detection limit and the
curve of results actually merged with it (rows 2 and 3). At the same time it
should be noted that the main task of control in terms of radiation safety —

detection and withdrawal from circulation of environmental objects that do
not meet the requirements of safety standards, for example, foodstuffs, is
completely fulfilled.

However, the results of the “control” mode do not give an idea of how
the situation develops in the range below the detection limit [0 — 0.5].
Nevertheless, from the point of view of radiation safety, two scenarios are
possible here: positive and negative, and it is clear that organizational
risks are present in both cases.

Let us consider the positive scenario further, when in the time period
8 — 15 the real measured contamination levels continue to decrease and
finally gradually tend to trace amounts, which is clearly demonstrated by
the results of monitoring using highly sensitive equipment (row 1).
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It is obvious that mass radiation monitoring, which requires a signifi-
cant amount of financial, material and labor resources, is irrational at this
stage, i. e. there are organizational risks. To resolve this situation, it is
sufficient to organize random inspections and ensure monitoring at pro-

duction nodal points, which, in the end, allows optimizing the functioning
of the control system and reducing the risks associated with a negative
outcome, as will be shown below, as well as eliminating the inefficient use
of available resources.
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Figure 2 — Negative scenario (row 1 — monitoring results, row 2 — control results, row 3 — lower detection limit of massively used equipment, row 4 — norm)

Let us consider a negative scenario (Figure 2), when in the time peri-
od 8 — 11 real contamination levels continue to decrease, but in the peri-
od 12 — 15 a negative trend appears - radioactive contamination of the
object increases (row 1), but radiation control data do not show this
(row 2). This is due to the fact that the “control” system, unlike the “moni-
toring” system, does not react to changes in the trend from positive to
negative, if these changes are in the range significantly below the control
level and the lower measurement threshold.

Thus prerequisites are created for occurrence of organizational risks
on timely detection and reduction of risks of achievement and exceeding
of normative values of radioactive contamination of controlled objects.
Itis likely that already in the period 12 - 13, when the negative trend has
formed and become stable, there is an opportunity to take timely
measures to identify and eliminate its causes.

As a result, it is shown that the range of parameter values closed in
the “control” mode contains important information about the trends of their
changes in both positive and negative contexts.

The situation of uncertainty is the most difficult from the point of view
of radiation safety, since it is associated with a large number of possible
outcomes, and their probabilities are unknown.

From the point of view of radiation safety, a situation of uncertainty
arises in the case of emergency exposure and/or emergency planning.
In this case it is very important that the source of uncertainty can be in-
complete and (or) unreliable information from the system of radiation
monitoring of the environment or from other systems, e.g. monitoring of
emergency situations, for example, about the facts of threat realization.
In general, the requirements to information quality can be formulated as
five basic requirements to information quality: timeliness, reliability, com-
pleteness, accessibility, sources of uncertainty and their assessment [18].

Of course, the ideal risk management strategy is to eliminate risks
and threats, i. e. to directly affect their source, which is practically impos-
sible due to the objective nature of risks and threats in the field of radia-
tion safety. In this case, the most effective way to minimize risks in the
situation of uncertainty is the method of modeling and forecasting of radi-
ation situation and characteristics of the radiation monitoring system of
the environment. An obligatory condition for modeling is the ranking of
current or potential risks and threats for subsequent emergency planning.
It should be noted that this is the approach proposed by the SDRR.

In order to improve early warning systems in the field of radiation
safety, automatic systems for early detection and warning of radioactive
contamination of the environment in 100 km zones of Chernobyl, Ignalina,
Rovno and Smolensk NPPs, as well as in the surveillance zone of Bela-

rusian NPPs, are currently established and successfully functioning in the
Republic of Belarus; information is generally available on-line using mod-
ern communicative IT-technologies [24, 25].

The SDRR proposes four main priority areas of risk management ac-
tivities.

Priority 1. Understanding disaster risk: to effectively counteract
disasters, it is necessary to ensure that radiation safety hazards and risks
are assessed on a continuous basis, assessing the vulnerability of protec-
tion facilities before events occur and preventing disasters or mitigating
their consequences through the development and implementation of
appropriate measures.

The development and implementation of such an approach in the Re-
public of Belarus will ensure a socially acceptable level of DRR in different
conditions/types of exposure situations in the medium and long term.

Priority 2. Improving the organizational and legal framework for
disaster risk management: The organizational and legal framework for
disaster risk reduction at the national, regional and global levels is of
great importance for effective and efficient risk management in the sphere
of radiation safety [26].

In the Republic of Belarus, the necessary strategies for counteracting
risks at the national level have been developed and are in place, including
specific plans and activities, for example, the External Emergency for the
Belarusian NPP or the “Strategy for Radioactive Waste Management in the
Republic of Belarus” [27], defining the competencies of individual state
administration bodies in the field of ORB and their coordination at the level
of individual sectors of the economy and between sectors, as well as the
participation of relevant stakeholders — subjects of the economy.

Priority 3: Investments in disaster risk reduction measures to
strengthen resilience: public investments in prevention and risk reduction
in the form of:

scientific activities in the field of nuclear energy utilization and coun-
teracting the risks accompanying these activities;

formation of necessary emergency response forces and means.

It is important that investing in the introduction of modern IT and Al-
technologies allows improving early waming systems within the frame-
work of radiation monitoring and radioactive contamination mapping,
which, along with a preventive approach, is one of the most important
priorities in countering radioecological disasters.
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Priority 4: Enhancing disaster preparedness for effective re-
sponse and implementing the principle of “doing better than before”
in recovery, rehabilitation and reconstruction activities: practical
activities on the example of the Republic of Belarus on minimizing the
consequences of the radioecological disaster — the Chermobyl NPP catas-
trophe — demonstrate that the recovery, rehabilitation and reconstruction
stage is crucial for implementing the principle of “doing better than be-
fore”, including by combining measures Such an example is the State
programs that envisage advanced socio-economic development of the
territories affected by the Chernobyl disaster, construction of centralized
water supply systems and gasification of rural settlements, expansion of
the network of qualified medical services, measures to increase produc-
tivity in agriculture, which are designed to ensure an acceptable level of
radiation protection and safety and, on the other hand, solve social and
domestic problems.

Wide use of nuclear energy for scientific and economic progress, im-
provement of human life quality, solution of other social or military tasks,
creates new sources of risks, threats and disasters of anthropogenic
nature (radioecological disasters), the consequences of which may be
aggravated by natural phenomena and disasters (hydrometeorological,
seismological, other).

In addition to radioecological risks for radiation safety purposes it is
important to identify and assess for subsequent management other
risks — organizational risks.

Analysis of available information on the sources of radiological and
radioecological risks allows us to conclude that the number of realized
events important for radiation safety can be estimated in the range from
six most significant nuclear and radiation disasters to 1,806 (categories |
and Il - nuclear and radiation accidents, testing and use of nuclear
weapons). The number of potentially dangerous events from other
sources of radioecological risks, e. g. transportation of radioactive materi-
als (category V), can reach several millions.

For the Republic of Belarus, the most significant sources of radioeco-
logical risks and disasters are nuclear legacy sites, potential nuclear and
radiation accidents, transportation of nuclear materials and transboundary
transfer.

In the period before 1986, information on current and potential
sources of radiation safety threats and risks was clearly insufficient and,
due to underestimation of its importance, was not a valid factor of radia-
tion safety.

Belarus had sufficient material, human and financial resources for
radiation safety in the conditions of global bomb contamination before
1986, but the Chernobyl NPP catastrophe showed that the system of
radiation monitoring of the environment was ineffective in the conditions
of emergency exposure.

Retrospective analysis of the practice of the Republic of Belarus in
the period from 1960 to April 1986 and in the first period of the Chernobyl
NPP catastrophe shows that the lack of long-term systematic planning in
case of an accident led to the emergence of scientific, methodological,
organizational, technical and informational problems that required resolu-
tion at a high scientific level.

In order to successfully solve these problems with respect to the Re-
public of Belarus, a critical analysis of the sources of disasters and meth-
ods of risk management in the field of radiation safety for effective coun-
teraction to radioecological disasters is necessary to act in the long and
medium term.

In the long term, radiological/radioecological risk management
mechanisms should be maintained on an ongoing basis:

(A) monitor radiological and radioecological risks with subsequent
risk assessment and ranking;

(B) ensure effective functioning of the radiation monitoring system
(observations, assessment and forecast of radiation situation, mapping),
including the use of IT and IA technologies;

(C) ensure the functioning of the early warning system on radioeco-
logical threats, risks and disasters, including with the use of IT- and |A-
technologies;

(D) provide scientific and information support for risk management
and radiation safety activities.

In the medium term:

(A) assess radioecological and radiological risks in the potash indus-
try and phosphate fertilizer production in the situation of planned irradia-
tion (for the Republic of Belarus) in order to make a subsequent decision
on the inclusion of additional observation points in the National Environ-
mental Monitoring Program;

(B) to pay special attention to specific difficulties of the Republic of
Belarus: long-term radioactive contamination of the environment due to
the Chernobyl NPP catastrophe, presence of a large object of “nuclear
legacy” - the territory of Polessky State Radioecological Reserve.

To achieve these goals it is necessary to further improve and in-
crease the efficiency of the system of radiation monitoring and forecasting
of radiation situation, as well as early warning systems, taking into ac-
count all known current and potential threats.

The work was carried out within the framework of the assignment
NIR 1 “Assessment and forecast of radioactive contamination of the
environment around radiation hazardous objects on the basis of
experimental and computational methods (modeling)” within the
framework of the assignment 3.05 “Development of information and
methodological support for monitoring, audit, certification and
rehabilitation of natural-territorial complexes”, NeGR20211720 of the
subprogram “Radiation and biological systems” of the State Program
“Natural Resources and Environment” for 2021-2025.
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Abstract

Each year, an increasing number of countries base their innovation development strategies on forecasts of scientific and technological
development. There are numerous methods for forecasting technological trends, with the STI proposal being a key indicator. This article presents an
improved methodology for forecasting technological trends, which includes an analysis of not only the supply of STI but also the demand for it.

In particular, it is proposed to supplement the method based on the analysis of the STI proposal with statistics on the volume of STI user requests
on the Internet and in scientific and technical libraries for the necessary keywords related to the object under study.

By comparing the dynamics of STI data in Belarus with current global trends, it is possible to assess the interests of the domestic scientific
community in various areas of research and identify the most significant of them. Studying the dynamics, structure and territoriality of demand for STI
and comparing these data with the STI supply makes it possible to assess the degree of satisfaction of needs in STI. Based on the STI supply,
specialists can draw conclusions about the possible emergence of new technologies and product groups in a certain forecast period.

The results of such analysis can be used to more accurately predict technological trends.

Keywords: methodology, forecasting technology trends, state system of scientific and technical information, scientific and technical information.

OLIEHKA CMNPOCA W NPEANOXEHWUA HAYYHO-TEXHUYECKOW UHOOPMALIMKA B KOHTEKCTE NPOrHO3MPOBAHUA
TEXHONOIrM4YECKUX TPEHIOB

C. B. MakapeBuu

Pechepar

ExerogHo Bce 6ornbluee 4MCMO CTpaH, OCHOBbLIBAsSCb HA MPOTHO3aX HAy4HO-TEXHOMOrMYECKOro PasBUTWS, BbICTPAMBAKOT CBOK CTpaTeruo
VHHOBALMOHHOTO pa3suTus. CyllecTBYeT MHOXECTBO METOAOB MPOrHO3MPOBAHUS TEXHOMOTMYECKMX TEHAEHLMA, OCHOBHBbIM MOKA3aTenem KOTOpbIX
BbICTYNawT npeanoxenns HTW. B cratbe npefcTaBneHa YCOBEPLUEHCTBOBAHHAS METOAMKA MPOTHO3MPOBAHMS TEXHOMOTMYECKNX TEHOEHLIA,
BKMKOYaloLLast aHanm3 He Tonbko npeanoxenns HTW, Ho v cnpoca Ha Hee.

B uacTHoctW, npeanaraeTcsi AOMONMHMTL METOA, OCHOBaHHbIM Ha aHanuse npeanoxenns HTW, cratuctukoir ob6bemos 3anpocoB HTU
nonb3oBateneli B IHTEPHETE U B HAay4HO-TEXHNYECKME BNBNMOTEKM MO HEOBXOAMMBIM KITHOUEBLIM CIIOBaM, OTHOCALLMMCS K UCCIIeayeMOMy OOBeKTY.

Conocrasnsis guHamuky AaHHbix no HTU B Benapycu ¢ akTyanbHbIMA MUMPOBBLIMW TEHLEHLMSIMW, MOXHO OLEHUTb MHTEPECHI OTEYECTBEHHOMO
Hay4yHOro coobLLECTBa K PasnuyHbIM HanpaBneHUsIM UCCMENOoBaHUIA, BbIAENUTL Hanbonee 3HauMMmble M3 HUX. M3yyeHue OuHaMUKW, CTPYKTYpbl W
TeppuTopuanbHocTM cnpoca Ha HTW 1 conocTaBneHne aTUX [aHHbIX € npednoxeHveMm HTW [aloT BO3MOXHOCTb OLEHMBATb CTEMeHb
yaosneTBopeHHocTn notpebHocteit B HTU. Ucxoas w3 npepnoxenms HTW, cneumanuctbl MOryT genatb BbIBOAbI O BO3MOXHOM MOSIBNEHWM B
OnpeAeneHHOM NPOrHO3HOM NepUOAe HOBbIX TEXHOMOTMIA U TOBAPHBIX TPynM.

PeSyJ’IbTaTbI TaKoro aHanu3a moryT ObITb MCNONb30BaHbI 4115 6onee 060CHOBAHHOMO MPOrHO3MPOBaHMS TEXHOMOMMYECKUX TEHAEHLMA.

KnioueBble cnoBa: MeTogonorus,
MH(OpMAaLWK, Hay4HO-TEXHUYECKas MHOPMaLUS.

MPOrHO3MPOBaHNE  TEXHOMOTUYECKUX  TEHOEHLMIA,

rOCY[IAPCTBEHHAs CMCTEMa  Hay4HO-TEXHWYECKON

Introduction

Due to the increasing role of innovations in the development of na-
tional economies [1, 2, 3], the demand for forecasts of innovative and
scientific-technological development as a tool of strategic management is
growing [4]. Such forecasts allow identifying trends in the development of
technologies, assessing the prospects for the emergence of new markets,
and also exploring production and personnel capabilities and challenges.
The obtained forecasting results help to determine priority areas of tech-
nological development, develop scenarios for economic growth and opti-
mize investment risks [5].

As world practice shows, developing and especially developed coun-
tries regularly design forecasts of scientific and technological develop-
ment. In the Russian Federation, since 2013, forecasts of scientific and
technological development have also been developed on a regular basis,
the latest of which was the Forecast of Scientific and Technological De-
velopment of the Russian Federation until 2030. In the Republic of Bela-
rus, a Comprehensive Forecast of Scientific and Technological Progress
of Belarus for 2026-2030 and for the period until 2045 (hereinafter — CF
STP 2045) has been developed.

One of the common methods used to forecast technological trends is
based on studying the dynamics and structure of scientific publications

and registered patents, i.e. on the analysis of the STI proposal both on a
global scale and by comparing this data for individual countries [6, 7, 8].
By comparing the dynamics of data in Belarus with the corresponding
global trends, it is possible to assess the interest of the domestic scientific
community in various areas of research and identify the most relevant
ones. Based on the STI proposal, specialists can draw conclusions about
the possible emergence of new technologies and product groups in a
certain forecast period.

The purpose of this study is to improve the methodology for forecast-
ing technological trends by including not only an analysis of the supply of
STI, but also an analysis of the demand for STI.

1. Analysis of the dynamics of the STI
the CF STP 2045

The method of forecasting technological trends based on the STI
proposal (hereinafter referred to as the STI proposal method) was used
along with other methods in the development of the Comprehensive
Forecast of Scientific and Technological Progress of the Republic of Bela-
rus for 2026-2030 and for the period until 2045 [9].

The CF STP 2045 presents a list of forecasting objects, which are
understood as innovative goods, product groups and technologies.

proposal in
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For each forecasting object, the values of parameter groups were deter-
mined: global trends in publications and patents; world market capacity;
the state of the infrastructure of the Republic of Belarus. The first two
groups of parameters characterized the demand for the forecasting object
in the forecast period, the third group of parameters — the feasibility of the
forecasting object in the forecast period.

Global trends in publications and patents for each forecast object
were assessed based on an analysis of scientific publications in foreign
sources and patents in foreign patent databases. For this purpose, the
number of foreign publications and international patents for the previous
5 years was determined for each forecast object.

The group of parameters characterizing the feasibility of the object
also included such parameters as the domestic scientific publications and
patents in bibliographic and patent registers, databases and other STI
resources.

As an example, Figures 1-4 shows data on the forecasting object
“System for assessing transport flow parameters based on processing
navigation data on vehicle movement” (hereinafter referred to as the
“‘Assessment system...”) from the CF STP 2025, which was implemented
in 2018 [10], the methodology of which will make it possible to determine
the capacity of the road network, the efficiency of using the existing net-
work, the volume and structure of transport demand.
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Figure 4 — Dynamics of patenhting in te Republic of Belarus for the fore-
cast object “Assessment system...”

Figures 1-2 show that the activity in international publications and
patents increases annually in relation to the forecasting object under
consideration. In turn, Figures 3-4 show low activity in the field of publica-
tions and patents in the Republic of Belarus. It can be concluded that
there is high interest in the forecasting object in the international scientific
community and that this object has great prospects as an innovative
product. From the graphs in Figures 3—4 it follows that the reserve in the
country is low, and taking into account global prospects, it is worth as-
sessing the possibility and feasibility of research in this direction.

2. Analysis of the dynamics of demand for STI

It is necessary to distinguish between the demand for STI and the
supply of STI. As already stated above, the supply of STl is understood
as published scientific works and registered patents both in paper and
electronic form. The demand for STl is understood as a set of search
queries aimed at finding scientific and technical information (search
among STI offers). Accordingly, the demand for STI can serve as an
indicator of the demand for certain areas of STI.

In the forecasting method described above, based on studying the
STI supply, the basis for further forecasting is the already created and
publicly available STI (STI supply). However, modem information tech-
nologies allow not only to analyze the STl already available in the public
domain (i.e., the STI supply), but also to study the volumes of search
queries for STI in various categories, made both in global and local net-
works (i.e., the demand for STI). Studying the dynamics, structure, and
territoriality of STI demand and comparing this data with the STI supply
makes it possible to assess the degree of satisfaction of STI needs. The
results of such an analysis can be used for more substantiated forecast-
ing of technological trends.

Demand for STI can be tracked in various ways and by various or-
ganizations or individuals (individually). To perform a semantic search for
data on the number of requests, it is necessary to define the keywords of
the area of interest. Data on the number of queries is searched for on the
internet using various specialized program that show user query activity:
Google trends, Google Analytics, Google Ads, Keyword Tool, Key Collec-
tor, Wordstat and etc.

These software resources allow you to see the demand of Internet
users for STI by specified keywords. They display statistics: on the dy-
namics, structure and territoriality of demand. It is necessary to mention a
particular feature of these systems: they do not include information on the
dynamics of queries made before 2004.

The methodology outlined above should also be supplemented with
statistics on user queries to scientific and technical libraries for the nec-
essary keywords related to the studied STI object.

As an example, Figure 5 provides data on the STI object “Artificial In-
telligence” (hereinafter referred to as Al). The given figure shows the
dynamics of publications of scientific articles and registration of patents
as a percentage of the base year 2004 for the period 2004-2022. It also
shows the dynamics of Internet user requests for this STI object as a
percentage of the base year 2004.
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a) In the period 2004-2022.
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Figure 5 — Dynamics of STI demand for the ST object “Artificial Intelligence” [11]

From Figure 5 it is evident that the growth rate of demand for STl and
the supply of STl for the STI object under consideration practically repeat
each other’s dynamics with a supply lag of an average of 1 year.

This situation can be explained as follows: To research a given topic
or develop a new project, a scientific team needs to explore a specific
area, which consequently leads to an increase in demand for STI.

The next stage involves preparing a scientific paper and submitting it for
publication (or preparing a patent application). Occasionally, there may
be a surge in demand for STI, which is driven by a new discovery or a
change in approach within the research area. Figure 6 shows a surge in
user queries related to the STI object "Artificial Intelligence.”
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Figure 6 — Activity graph for the STI object “Artificial Intelligence” in the period 2004-2021, displayed in the Google trends [12]

A surge in STI queries is noted starting in 2010. This increase is
linked to the growth in computer processing power, which enabled the
combination of Big Data with Deep Learning methods based on artificial
neural networks. Subsequently, this led to the successful application of
artificial intelligence in many fields (such as speech and image recogni-
tion, natural language understanding, autonomous vehicles, etc.), which,
in turn, marked a resurgence of Al [13].

Similarly, we can consider the demand for STl in the area of Big Data.

Figure 7 shows the growth of activity in the mentioned object since
2011, which is caused by the trend related to the analysis of big data by
scientific universities within the framework of scientific and statistical

research. By early 2012, the volume of data had grown to massive
scales, creating a need for its systematization and practical application.

From 2014 onwards, leading global universities specializing in ap-
plied engineering and IT disciplines began to focus on Big Data. Subse-
quently, IT corporations such as Microsoft, IBM, Oracle, and EMC, fol-
lowed by Google, Apple, Facebook, and Amazon, became involved in
data collection and analysis. Today, large industry companies and gov-
ernment agencies utilize Big Data.

The demand for the STI object "Big Data" can be examined not only
on a global scale but also within individual countries.
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Figure 7 — Activity graph for the STl object “Big Data” in the period 2008-2024, displayed in the Google trends [12]

The dynamics of STI queries in the Russian Federation clearly show
a surge in interest in the research object (Figure 8). This is evident, as in
2019, 68 % of organizations tested the implementation of Big Data analy-
sis tools, which is recognized as the most frequently adopted technology
in Russian companies [14].

It is also useful to compare the demand for STl across different coun-
tries and then rank them, which involves identifying potentially developed
countries and those developing in various research areas.
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When comparing the demand for STl related to Big Data in South
Korea (Figure 9) and the Russian Federation (Figure 8), it is noticeable
that the surge in South Korea occurred in 2017, while in Russia, it was at
the end of 2019. The difference in the timing of the demand surge for the
research object allows us to infer which country is potentially developed
and which is developing in this direction.
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Figure 8 — Graph of activity in the Russian Federation for the STI object “Big Data”in the period 2008-2024, displayed in the Google trends program [12]
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Figure 9 — Graph of activity in the Republic of Korea for the STI object “Big Data” in the period 2008-2024, displayed in the Google trends program [12]

3. Collection and analysis of data on supply and demand of STI
in the State System of Scientific and Technical Information of the
Republic of Belarus

As is well known, the vast amount of scientific and technical docu-
mentation generates enormous information flows, which are increasing
annually. Consequently, there is a growing need for the development of
effective STI monitoring systems. For example, a large amount of new
digital information is created globally each year [15]: in 2018 alone, ap-
proximately 33 zettabytes (10*' bytes) were generated, and between

200
150
100
50
0

2020 and 2021, humanity produced more information than in all of previ-
ous history. Furthermore, the volume of generated information is ex-
pected to continue increasing each year. According to forecasts, by 2025,
the annual global volume of generated information may reach 175 zetta-
bytes (Figure 10) [15].

The above information indicates colossal information flows that re-
quire study. For these purposes, specialized systems have been created
and are successfully operating in a number of technologically advanced
countries. The Republic of Belarus is no exception.

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

m Volumes of information generation in the global digital space, Zettabyte

Figure 10 — Dynamics of generation of new information in the global digital space (2010-2025)

120

Economics
https://doi.org/10.36773/1818-1112-2024-135-3-117-121



Vestnik of Brest State Technical University. 2024. No. 3 (135)

Currently, Belarus has a functioning State System of Scientific and
Technical Information (SSTI), which includes: republican information
centers; library infrastructure; industry-specific STI centers and services;
regional STI centers; a system for publishing and distributing scientific
and technical literature; and an information and telecommunication infra-
structure. The primary tasks of these components are the collection,
storage, and dissemination of STI [16, 17, 18, 19].

Empowering the SSTI of the Republic of Belarus with the capability
to analyze the dynamics and structure of the demand for and supply of
scientific and technical information will allow to use this data in forecast-
ing scientific and technological progress. Analyzing STI demand will ena-
ble the comparison of STI demand with its supply and facilitate the early
identification of emerging technological trends.

It would also be beneficial to develop an information system that au-
tomatically tracks surges in demand for STI to identify new technological
trends at their formative stage. This would allow for the anticipation of
technological trends approximately one year earlier compared to the
analysis of STl supply alone.

The obtained data can also be utilized by research organizations
when forming prospective research and development plans, where labor
savings can be achieved by reducing research work on less promising
areas [20, 21].

Conclusion

Each year, an increasing number of countries conduct forecasts of
scientific and technological development to determine priority areas for
national economic development scenarios and to optimize and reduce
investment risks. The Republic of Belarus is no exception.

In our country, forecasting methods based on the analysis of the STI
supply are used. This method was used in the Comprehensive Forecast of
Scientific and Technological Progress of Belarus for 2026-2030 and up to
2045, 1t is based on studying the dynamics and structure of scientific publi-
cations and registered patents both globally and by comparing this data
across countries, which allows to identify global development trends. The
domestic scientific publications and patents is another important parameter
used in this method to assess the feasibility of a forecasting object.

The method based on STI supply analysis can be supplemented with sta-
tistics on STI query volumes from users on the internet and in scientific and
technical libraries using relevant keywords related to the research object.
Studying the dynamics, structure, and territorial distribution of STI demand and
comparing this data with the STI supply makes it possible to assess the extent
to which STl needs are being met. The results of such analysis can be used
for more substantiated forecasting of technological trends.

Given the functions and tasks, as well as the departmental structure, it
is advisable to assign the responsibilities for monitoring and analysing STI
demand to the State System of Scientific and Technical Information (SSTI).

This innovation will improve the efficiency and accuracy of forecasts of
scientific and technological progress conducted in the Republic of Belarus.
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Abstract

In modern economic conditions, the management of transport and logistics flows is associated with the universal penetration of digital technologies.
Digitalization allows for the optimization of the entire supply chain, including transportation and warehousing operations. Digital technologies provide
opportunities to increase the economic efficiency of business processes in logistics, improve the safety and quality of transport and logistics flow
management, and enhance the competitiveness of entities in transport and logistics systems.

This article presents the research results of the mechanism for the digital transformation development of transport and logistics activities.
The developed mechanism includes the process of automation and informatization of business processes; the process of combining various information
technologies; the process of creating a model reflecting data online; the process of deciphering the received data; the process of compiling forecast
data, as well as the process of editing the system without human intervention. The ultimate goals of developing this mechanism may be the creation of a
digital product development system, the formation of a digital platform for integration into a flexible network, the creation of a digital transformation
ecosystem, the implementation of flexible and integrated supply chain management, the development of a KPI system and evaluation of the
effectiveness of transport and logistics activities, the selection and hiring of qualified personnel, the creation of an integrated information system and
cloud data storage; as well as the implementation of electronic document management and a digital modeling and forecasting system.

The comprehensive development and transformation of transport and logistics systems through their digitalization will ensure such potential results
as the transition to new business models for the functioning of systems, flexible communication channels in the process of performing transport
operations, as well as to products and business processes that are based on fundamentally new approaches to information management using digital
technologies, and, as a result, to a significant increase in the efficiency of transport and logistics systems and their long-term sustainability.

Keywords: transport and logistics activities, development, digital transformation, mechanism.

MEXAHU3M PA3BUTUA LMOPOBOW TPAHCOOPMALIUM TPAHCMOPTHO-NOMMCTUYECKON OEATENBHOCTH

M. U. NankoBckas, E. A. Cemaluko

Pechepar

B coBpeMEHHbIX 3KOHOMUYECKMX YCIOBUSX YNPaBIEHNE TPAHCTOPTHO-MOTMCTUHECKMMI MOTOKaMI CBA3aHO CO BCEOBLLMM NPOHUKHOBEHWEM LiMGIPOBBIX
TexHonorui. Lindposu3saumsa no3sonser ocyLiecTNsTb ONTUMKU3ALMIO BCed Lieni MOCTaBOK, BKMKOYas NepeBO3Ky W cknapckie onepauwu. Lindposble
TexHornor obecreynBaloT BOIMOXHOCTW MOBBILLEHUS 3KOHOMUYECKOA 3dEKTMBHOCTU BU3HEC-NPOLIECCOB B NOMACTUKE, MOBbILLAKT 6e30MacHoCTb U
KayecTBO ynpaBMeHNst TPAHCMOPTHO-NOMMCTUYECKUMI MOTOKaMM, YCUNMBAIOT KOHKYPEHTOCMOCOBHOCTL CyOBEKTOB TPAHCMIOPTHO-MOMMCTUYECKIX CHCTEM.

B naHHoi cTaTbe npeAcTaBneHbl pesynbTathl MCCREeAoBaHMs no paspaboTke MexaHu3ma passuTWS LMdPOBONA TpaHC(OpMaLMKN TpaHCIOpTHO-
NOTUCTUYECKON AEATENBHOCTU. Pa3paboTaHHbIl MexaHM3M BKMOYaeT MpoLecc aBToMaTh3aumn 1 uHcopmatmaumn GM3Hec-npoLeccoB; mpoLece
00beaMHeHNs pasnnyHbIX MH(OPMALMOHHBIX TEXHOMOrMIA; MpOLECC CO3AaHWs MOAenu, OTpaxalolwen [faHHble B pexume onling; mpouecc
pacLUNcPOBKI MOMy4eHHbIX AaHHBIX; NPOLIECC COCTABIEHNS MPOTHO3HbBIX AaHHBIX, @ Takke NPOLECC peAaKTUPOBaHNS cucTeMbl 6e3 yyacTns yenoseka.
KoHeyHbIMM Lensmu paspaboTkv JaHHOrO MexaHu3ma MoryT BbiTb Co3aaHne LmdpoBon cucTeMbl paspaboTki NpoaykLum, hopmMUpoBaHie LndpoBoil
nnatopmbl ANS MHTErpauuu B TMBKYI0 CeTb, CO3[aHWe 3KOCMCTeMbl LMdpOBOA TpaHcopmaLui, BHeApeHue rMbKoro W WHTEerpupoBaHHOMO
ynpaeneHns Lensmu noctasok, paspabotka cuctembl KPI n oLeHku 3dhdeKTUBHOCTI TPaHCMOPTHO-NOTUCTUYECKON AEATENbHOCTH, OCYLLEeCTBREHMe
nopbopa M HalimMa KBanuuLMPOBAHHOTO NepcoHana, Co3naHne VHTErpUpOBaHHON MH(OPMALIMOHHON CUCTEMbI 1 0ONaYHbIX XPaHUMWLL AaHHbIX; a
TakoKke BHeLPEHME AMEKTPOHHOIO A0KYMEHTO0BOpOTa 1 CUCTEMBI LiMd)pOBOTO MOAENMPOBAHIS M MPOTHO3VPOBAHHS.

KomnnekcHoe passuTiie u npeobpasoBaHne TPaHCMOPTHO-MOTUCTUYECKUX CUCTEM MyTeM WX LudpoBu3aLmn obecneyat Takve noTeHUManbHble
pe3ynbTaTbl Kak Mepexop K HOBbIM OW3HEC-MOAENsM (PYHKUMOHWMPOBAHMS CUCTEM, TMOKMM KaHamam KOMMYHMKAaUMii B MpOLECCe BbIMNOMHEHMS
TPaHCMOPTHbIX OMepauuii, a Takke K NpoaykTam M BuaHec-npoLieccam, KoTopble 6a3upyloTcs Ha MPUHLMAMANBHO HOBbIX MOAXOAAX K YMpaBfieHuio
MHOpMaLel C WCMONb30BaHNEM LM(POBBIX TEXHOMOTUIA, W Kak CMEACTBME, K 3HAYMTENbHOMY MOBBIEHNIO 3((EKTUBHOCTM TPaHCMOPTHO-
NIOTUCTUYECKIX CUCTEM W WX JONTOCPOYHOI YCTORYMBOCTM.

KntoueBble crnoBa: TpaHCMOPTHO-MOMMCTUYECKAs AeSTENbHOCTb, PasBuTIe, LidpoBas TpaHChopMaLys, MeXaHU3M.

Introduction

In the 21st century, rational management of transport and logistics
flows is an important task for the development of the logistics system of any
state, the solution of which cannot be imagined without the use of modemn
information technologies. In the process of research, the emerging set of
various information technologies gives rise to such terms as informatization,
digitalization and digital transformation.

A full description of the presented concepts is described in the Law of
the Republic of Belarus "On Information, Informatization and Information
Protection" dated November 10, 2008 No. 455-Z and STB 1693-2009 "In-
formatization. Terms and Definitions". Thus, informatization is an organiza-
tional, socio-economic and scientific-technical process that provides condi-

tions for the formation and use of information resources and the implemen-
tation of information relations [1, 2]. Digitalization is a new stage of automa-
tion and informatization of economic activity and public administration, the
process of transition to digital technologies, which is based not only on the
use of information and communication technologies to solve production or
management problems, but also on the accumulation and analysis of big
data with their help in order to forecast the situation, optimize processes
and costs, attract new contractors, etc. [3]. Digital transformation is a mani-
festation of qualitative, revolutionary changes, consisting not only in individ-
ual digital transformations, but in a fundamental change in the structure of
the economy, in the transfer of centers for creating added value to the
sphere of building digital resources and end-to-end digital processes. As a
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result of digital transformation, a transition to a new technological and eco-
nomic structure is carried out, and new sectors of the economy are creat-
ed [3]. Digitalization can be considered in three dimensions: 1) the use of
digital technologies in the business sphere, associated with the formation,
optimization and transformation of business processes, the transformation
of digital data into useful knowledge; 2) use in a specific environment, for
example, in the creation of a “digital workplace”; 3) the introduction of digital
technologies in all areas of social and humanitarian activities [4]. To assess
the effectiveness and level of digital transformation of transport and logis-
tics, various approaches can be used [5, 6, 7, 8].

Development of organizational and economic foundations for
the mechanism for developing digital transformation of transport
and logistics activities

Today, it is generally recognized that the future development of the
economy, and subsequently of all mankind, is associated with the digital
economy. In this regard, the attention of researchers is increasingly attract-
ed by theoretical and practical problems of digitalization. The continuous
process of digitalization development is associated with the endless growth
of information flows. The constant growth of volumes of heterogeneous
information, which can come in numerous directions, has recently accom-
panied both large and fairly small transport and logistics organizations. All
information flow entering the organization is subject to certain storage, eval-
uation, structuring, analysis and accounting. Without the use of specialized
information systems, it is difficult and almost impossible to solve the above
problem, and even with a huge amount of information. And since today the
most important factor is the speed of response to incoming requests in
doing business, organizations that want to work effectively need to radically
improve the processing of incoming and outgoing information flows. Digital
technologies make it possible to accumulate huge amounts of information
that companies not only can, but must use to make management decisions.
The vast majority of areas of human activity, including logistics, are subject
to global automation. In other words, thanks to the development of digitali-
zation, new opportunities have emerged for the creation and development
of end-to-end management systems for material and related flows in the
economy, which has contributed to the development of logistics as an activi-
ty for managing these flows based on pre-developed, controlled indicators.
A marketing study of the business services market by the consulting com-
pany Deloitte showed that only a third of all surveyed representatives of the
largest companies are confident that they will be able to adapt to the condi-
tions that the digitalization era will set for them. In addition, J. Chambers'
forecast is as follows: in the next decade, of all the companies studied to
date, only slightly more than half (about 60 %) will remain operating in the
economy, which is due to the unpreparedness of companies for the total
digitalization of business [9].

Today, there are already many examples of brands that used to have
a large market share, but today their customer base has become invisible
(Kodak, MySpace, Motorola, Blackberry, etc.). Having studied the other
side of this phenomenon, it is necessary to note those corporations that,
on the contrary, used this situation to improve their position in the market
(Google, Apple, Microsoft, Amazon, etc.) [10]. McKinsey&Company ex-
perts claim that “in today’s reality, innovations are needed by businesses
not only to accelerate the pace of development, strengthen leadership
and break away from competitors, but also for timely protection against
damage to the industry in the event of the introduction of radical innova-
tions that make entire areas of business economically inexpedient” [11].
When managing transport and logistics flows, various factors arise that
significantly affect the process under consideration. Such factors, accord-
ing to K. V. Kholopov are divided into external and internal [12]. External
factors impose greater uncertainty on the process of managing transport
and logistics flows. Based on this, their study should be approached with
a greater degree of responsibility and analysis should be carried out with
a large number of experimental samples (examples) [12].

In the conditions of the economic development that modern society
dictates to us, the management of transport and logistics systems and
flows, as noted earlier, is associated with the universal penetration of
digital technologies.

Digitalization allows you to optimize the transport and logistics pro-
cess. Digital technologies guarantee increased economic efficiency of
business processes in logistics, improve the safety and quality of
transport and logistics services, and provide a significant competitive
advantage. At the same time, according to some authors, at the current
stage of digital transformation in international road transport, there is a

fragmentary use of modern digital technologies, which is due to their
disunity [13]. But with the digitalization of the transport industry, due to a
certain unification of cargo and commercial information, it is possible to
introduce an "electronic transportation passport" [14].

It should be noted that digital traceability of the movement of products,
goods, services and digital assets is one of the six top priorities for the im-
plementation of the digital agenda of the Eurasian Economic Union (EAEU)
until 2025 [15], which is confirmed by the introduction of electronic docu-
ment management systems by the customs authorities of the EAEU [16]. In
addition, Resolution No. 66 of the Council of Ministers of the Republic of
Belarus dated February 2, 2021 approved the State Program "Digital De-
velopment of Belarus" for 2021-2025, which determined the creation of an
integration platform for the national electronic logistics system [17].

Today, there are already some models that systematize the process
of digital transformation of an organization.

The first model is presented by the Center for Digital Business at the
Massachusetts Institute of Technology. The essence of this model is that
all its blocks and elements are interdependent. The first block is a block
consisting of elements characteristic of working with clients, i.e. the rela-
tionship with the external environment. The second block characterizes
the production process itself. The third block is the model itself, which
must be achieved using the developments of the first and second blocks.
The third block is the goal to be achieved [18].

The second model is the digital maturity model (DMF) of Delaitte. This mod-
el assesses the level of digital transformation using the following indicators:

— client;

— production process;

— organization strategy;
production technology;
structure;
organization culture.

At the initial stage, the organization's strategy is studied. Based on
the results of its study, further directions of the organization's develop-
ment in the field of digital transformation are visible [19].

Such a task as digital transformation of any process, or business in
general, and in this case flow management, is in service with the vast
majority of organizations among various types of economic activity. Being
a fairly new direction that has replaced partial computerization and in-
formatization of business processes, digitalization creates conditions for
the growth of the number of companies that need to develop and imple-
ment their own digital software products. Thus, there is an increase in the
innovative component of business, which in turn contributes to the effec-
tive development of the economy and logistics. It is important to note the
opinion of T. G. Shulzhenko, which says that digitalization of transport
and logistics flow management contributes to the emergence and further
development of innovative production, growth of competitiveness in con-
ditions in which the role of individualization of consumer requirements for
goods and services increases [20]. However, based on the above, logis-
tics at the current stage of development is somewhat behind such types
of economic activity as banking services, trade, telecommunications and
communications, etc. In the vast majority of transport and logistics organ-
izations, when organizing the work process, there are many manual op-
erations, the organization's assets are not used fully effectively, which
slows down the process of digital transformation of business. It is im-
portant to note that today many scientific papers have been written on
digitalization, which define its conceptual apparatus, scope of application,
technological component of digital transformation, etc., but it is difficult to
find any recommendations that need to be followed by transport and
logistics organizations implementing digitalization tools, which is due to
the complexity of their perception at the moment.

Thus, the study of the main and auxiliary business processes of the
organizations contributes to the creation of a special mechanism for the
development of digital transformation of transport and logistics activities,
which would be standard for any logistics organization.

Obviously, the digitalization of an organization is a rather long and
complex process that requires a certain level of attention. In addition, the
digital transformation of business at its various stages should have a
positive effect on the company's performance indicators. To develop a
mechanism for the development of digital transformation of transport and
logistics activities, it is necessary to solve the following problems:

— define the goals and objectives of the mechanism;

— define the subjects and objects of the mechanism;

— develop the principle of operation of the mechanism.
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The purpose of the developed mechanism is to structure the se-
quence of actions for organizations moving to digital transformation of
their activities.

To achieve this goal, it is necessary to solve the following problems:

— develop a sequence of stages for the mechanism of digital trans-
formation of transport and logistics activities;

— provide for a list of activities required at one or another stage of
the developed mechanism;

— ensure the interconnection between all stages of the digital trans-
formation mechanism of transport and logistics activities.

The objects of the mechanism for developing digital transformation of
transport and logistics activities are the transport and logistics flows of the
organization in the context of digital transformation, as well as the
transport and logistics system of the country as a whole. The subjects of
the mechanism are various organizations that carry out any transport and
logistics activities. When developing specific stages of digitalization, it is
necessary to take into account that each stage should be based on the
previous one and include a description and a set of tools necessary for its
implementation. The mechanism for developing digital transformation of
transport and logistics activities developed by the authors includes a set
of stages and activities characteristic of digitalization.

Stage 1. The process of automation and informatization of business
processes. At this stage, you can consider the use of specialized systems
for managing transport and logistics flows in the organization. For exam-
ple, to informatize the process of transporting goods, you can provide for
the introduction of a satellite tracking system that will allow you to control
the order fulfillment time. If we consider an enterprise that has an estab-
lished warehousing system, then at the first stage we can consider con-
necting a WMS system (Warehouse Management System) to manage
the flow of goods that pass through the warehouse.

This stage is the basis of this mechanism. Its peculiarity consists in partial
automation and informatization, that is, the information technologies present in
the organization at this stage are used without connection into a single whole.

Stage 2. The process of combining various information technologies.
At the second stage, the information technologies used by the organiza-
tion are combined, which are necessary for solving issues that arise in
the process of doing business, namely flow management. Such products
include TMS (Transportation Management System), WMS, automated
inventory management systems and others, which can be combined, for
example, in the ERP (Enterprise Resource Planning) system.

However, it should be noted that despite the use of various infor-
mation and communication technologies that are capable of mutual con-
nection and exchange of information data, total integration in this area
has not been formed at the present stage.

Stage 3. The process of creating a model that reflects data online.
Providing data in real time is possible by installing RFID tags. These tags
have the ability to record events and the state of objects online through-
out the entire process of information flow through the organization's logis-
tics system. Such information will contribute to making more effective
decisions due to the constantly available up-to-date information.

Stage 4. The process of deciphering the received data. In order to
use and present the received data correctly, it is necessary to process
and analyze them correctly. Thus, generalization, understanding the
nature and role of the received information and analysis of large amounts
of data leads to making adequate management decisions in a relatively
short time. Since at this stage it is necessary to process and analyze
huge amounts of data, then for such cases it is advisable to use digital
platforms like Big Data technology.

Stage 5. The process of compiling forecast data. At this stage, the ex-
pected development options for a particular logistics business process of
the organization are modeled based on the information obtained after pro-
cessing by Big Data. If any problematic situations were identified during the
modeling process, then using digital technologies such as artificial intelli-
gence, it is possible to develop response and protective measures. As a
result, the management of the organization's transport and logistics flows
becomes quite predictable and predictable, which makes it possible to
quickly respond to any changes without significant time and material costs.

Stage 6. The process of editing the system without human participa-
tion. The formed flexibility of the organization and its predictability make it
possible to transfer the process of making optimal decisions for the com-
pany using artificial intelligence (Al) technologies. If, with the help of Al
some proposals were made for options for solving the problems that
arose, and they turned out to be the most effective and were implement-
ed in the shortest possible time, while human participation was not envis-
aged, then this is direct evidence of the success of this solution.

The developed mechanism for the development of digital transformation
of the organization's transport and logistics activities is shown in Figure 1.

‘ Elements of the mechanism for developing digital transformation of transport and logistics activities |

; Stage 1 The process of automation Stage 2 The process of integrating Step 3 The process of creating a

i|  and informatization of business > | various information technologies [~ > |  model thatreflects dataoniine
: e S R e e e »! RFD !

I I LT TS o ! L2 S R S R S - T A | tags 1

é Step 5 The process of generating Stage 6 The process of editing the

i the received data < — forecast data < system without human intervention  [€—
| g . bt shieile

i ' N 0 B O S S S R »! Al

TRANSPORT AND LOGISTICS SYSTEM OF THE
COUNTRY

Figure 1 — Mechanism for digital transformation developing of transport and logistics activities
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Today, the agenda of many transport and logistics organizations in-
cludes the issue of creating a suitable information base or infrastructure
that will allow companies to move to the second stage of digital transfor-
mation of the logistics business as a whole. Since it is necessary to un-
derstand that partial digitalization of individual business processes slows
down the formation of unified digital platforms that would unite the entire
supply chain.

The transition from the first to the second stage is the beginning,
without which the transition to digital transformation of a transport and
logistics organization is impossible.

Conclusion

The purpose of this mechanism is to select the target stage of digital-
ization that the organization wants to achieve during the digital transfor-
mation of its activities.

Thus, the developed mechanism can become a kind of tool for a
transport and logistics organization to determine its current position in the
process of achieving business digitalization. In addition, this mechanism
will help the organization develop a list of activities necessary to achieve
the target stage of digital transformation.
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Abstract

The active implementation of artificial intelligence technologies in various spheres of global public life contributes to the actualization of questions
about the role of the education system in the technical and technological development of the nation. The goal of the higher education system in the
modern conditions of a dynamic and high-tech rhythm is the training of qualified specialists, who are capable to implement their professional activities in
conditions of working with highly intelligent technologies. To determine what and how to teach future specialists who will be in demand in the sectors of
the economy focused on the use of artificial intelligence, it is necessary to understand the essence and functional role of artificial intelligence, as well as
to systematize the idea of using artificial intelligence in education.

The study of the historical dialectic of artificial intelligence technologies shows that artificial intelligence has been improving progressively. In the
early stages of its development, it depended on the technical and technological level of development of economic systems. Understanding the essence
and the term "artificial intelligence" also occurred gradually. Artificial intelligence was often called ordinary information and information management
systems. A modern understanding of the essence of artificial intelligence, based on previous and current achievements in computer science, allows us
to highlight the main features that characterize artificial intelligence. These are computer networks, artificial neural networks, databases (BIG DATA),
the ability of an intelligent system to self-learn. The inevitability of the introduction of artificial intelligence into the national economy and social life of
society leads to the natural need to transform the learning process at universities, the essence of which is the introduction of the use of artificial
intelligence into the learning process. The higher education system should include educational technologies that provide future specialists with
competencies not only within the framework of professional training, but also skills, abilities and the need for continuous self-development, considering
the tools of artificial intelligence and trends in the development of the global educational space.

Keywords: artificial intelligence, higher education system, neural networks, self-learning, intelligent technologies in education.

AKTYANbHBIE BOMPOCHI UICMONb3OBAHUA UCKYCCTBEHHOIO UHTENINEKTA B CUCTEME OBPA30BAHUA

T. B. Munbryw, E. B. NMunbryw

Pechepar

AKTVBHOE BHEAPEHWE WCKYCCTBEHHOTO WHTENNEKTa B PasnuuHbIX chepax OBLYECTBEHHOM XW3HW CnocoBCTBYET akTyanusauuy BOMPOCOB O POMM
cucTemMbl 06pa3oBaHMs B TEXHUYECKOM W TEXHONOTMYECKOM Pa3BUTUKM Haumu. Llenmb cucTembl Bbicliero obpa3oBaHWs B COBPEMEHHBIX YCIOBUSX
OVHaMWYHOTO M BbICOKOTEXHOMNOIMMYECKOTO pUTMA — MOATOTOBKA KBANM(MUMPOBAHHBIX CMELWAnUCToB, CrOCODHBIX W MMEWnX noTpebHOCTb
peanuaoBbiBaTb NPOCHECCUOHANBHYIO AESTENBHOCTL B YCMOBUAX PaboThl C BbICOKOMHTENMEKTYANbHBIMA TEXHOMOMMAMA. [iNs Toro YTobbl onpesenTs,
YyeMy W Kak yunTb Oymywwx crneumanuctoB, koTopble 6yayT BOCTpeGOBaHHbIMW B OTPACHsX 3KOHOMWKW, OPWEHTUPOBAHHBIX Ha MCMOMNb30BaHWE
CKYCCTBEHHOTO WHTENNeKTa, He0BXOAMMO NOHSTL KakoBa CYLHOCTb W (hyHKLMOHANbHAs PO UCKYCCTBEHHOTO WHTEMNNEKTa, a Takke CUCTEMATU3MpOBaTh
npeacTaBneHue 06 UCnonb3oBaHUW MCKYCCTBEHHOTO MHTENNeKTa B 06pasoBaTenbHOM NpoLiecce.

VccnenoBaHve MCTOPUYECKON NaNeKTUKV TEXHONOTMIA MCKYCCTBEHHONO MHTEMNNEKTa NOKAa3bIBAET, YTO UCKYCCTBEHHBIN MHTENNEKT COBEPLLEHCTBOBAICS
MocTynaTensHO, Ha PaHHIX 3Tanax CBOErO Pa3BuTHS 3aBUCEN OT TEXHUYECKOTO W1 TEXHOMNOMMYECKOTO YPOBHS PA3BUTIS SKOHOMUYECKUX CUCTEM. [oHMMaHe
CYLLHOCTW U TEpPMWHA «MCKYCCTBEHHbIA WHTENMEKT» TakKe MPOUCXOANMO MOCTENEHHO. VCKYCCTBEHHBIM WHTENMEKTOM 4acTo HasbiBami 0OblyHble
MHEOPMALMOHHBIE W MHEOPMALMOHHO-YNpaBnstowme cucteMbl. COBPEMEHHOE MOHMMAHME CYLLHOCTU WCKYCCTBEHHOTO WHTENNEKTa, OCHOBAHHOE Ha
NpeabIayLUNX 1 HACTOSILLMX AOCTUKEHNSIX KOMMBIOTEPHBIX HAYK, NO3BONSIET BbILENUTL OCHOBHbIE NPU3HAKM, XapaKTEPH3YHOLLIME UCKYCCTBEHHBIA MHTENNEKT.
3T0 — KOMMbIOTEPHBIE CETH, UCKYCCTBEHHDBIE HEMPOHHbIE CETH, Basbl AaHHbIX (BIG DATA), cnocoBHOCTb MHTENNEKTYanbHOM CUCTEMbI CaMOOByYaTLCS.

HeunsbexHoCTb BHEAPEHWS! UCKYCCTBEHHOTO MHTENMEKTA B HALMOHAMBHYI0 SKOHOMUKY W COLManbHYH0 XM3Hb OBLLECTBA MPUBOAMT K 3aKOHOMEPHO
HeobXxomnMMocTH TpaHcopMaLuv npouecca 0by4eHust B YHUBEPCUTETAX, CyTb KOTOPOM BHEOPEHWE WCMOMb30BAHMSI UCKYCCTBEHHOMO WMHTENMEKTa B
npouecc obyyenus. Cuctema Bbiclero obpa3oBaHNs [OMKHA BKITHOYaTb 0bpasoBaTenbHble TexHomornu, obecneumBatowpe Oyoywmm cneupanuctam
KOMMETEHLMN He TOMbKO B pamKkax MpoeccOHanbHOM NOATOTOBKM, HO M YMEHMS, HaBblkM W MOTPEBHOCTb MOCTOSIHHOTO CaMOPa3BUTUSI C y4ETOM
VHCTPYMEHTOB VICKYCCTBEHHOTO MHTENNEKTA U TEHAEHLMA PasBUTIS MPOBOrO 06pa3oBaTENbHONO MPOCTPAHCTBA.

KntoueBble cnosa: MCKyCCTBeHHbIVI VHTENNEeKT, CUCTeMa BbICLLEero o6pasoBava, HeﬁpOHHbIe CceTun, camoo6yqume, MHTEeNneKTyanbHble
TeXHonorun B 06pa3OBaHVIVI.

Introduction

The creation of artificial intelligence technologies (hereinafter referred
to as Al) is a high-tech breakthrough, comparable in significance to the
advent of computers and the Internet. Al, as a developing paradigm, is
gradually penetrating many areas of human and social life, becoming an
integral part of the optimization of production systems and the improve-
ment of the social life of society. The introduction of Al technologies, as
well as the digitalization of processes in general, contributes to the effi-
cient functioning of the economic system, the expansion of investment
opportunities, an increase in the level of social security, the efficiency of
public administration, etc. In general, digitalization processes are widely
supported by the state, therefore, conditions are created at the regulatory

level to ensure activities related, among other things, to the use of Al
technologies. Programs, concepts, and other strategic documents are
being developed to implement the objectives of the digital agenda. In
Belarus, issues of digitalization of the economy and society, including the
use of Al technologies, are included in the programs for the period 2021-
2025: "State Program for Innovative Development of the Republic of
Belarus"; State Program "Digital Development of Belarus"; "State Pro-
gram for the Socio-Economic Development of the Republic of Belarus".
The digital agenda has also affected the education system, and the is-
sues of using Al in the educational process are both a stage in its optimization
and a stumbling block in the interaction between teachers and students. Ac-
cording to the UNESCO report [1], in the context of the fourth industrial revolu-
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tion, the economic and social development of a nation is closely linked to its
technological progress. In this light, the technical and technological progress of
society directly depends on the tasks of higher education. The higher educa-
tion system makes a significant contribution to innovative and economic de-
velopment through three missions: teaching and leaming, scientific research
and interaction with production, organizational management.

The tasks of the educational process are formed based on the social
demand of society, in accordance with the needs of the economy and na-
tional interests. According to state policy, the training of personnel in higher
education institutions involves academic fundamentality and a practice-
oriented approach [2]. The result of the universities' activities soon should
be the training and provision of such personnel potential that will be able to
work in the conditions of a dynamic high-tech rhythm, namely, to use intelli-
gent systems and Al in their professional activities. If not today, then tomor-
row in the real sector of the Belarusian economy the need for graduates-
specialists capable of solving production problems in interaction with Al will
increase. On the one hand, Al encourages the idea of automating teacher
tasks [3, 4] on the other hand, it allows to expand human knowledge in
learning [5, 6], increase students' motivation, provide them with knowledge
and skills that will allow them to work hard [7, p. 19], encourages socializa-
tion, namely provides tools for participation in certain social, cultural interac-
tions [7, p. 20 ], and does not neglect the individualization of the learning
process, i.€., to become more autonomous and independent in thinking and
acting [7, p. 21]. The higher education system should provide competencies

that correspond to the current processes and trends of digitalization of the
Belarusian society, as well as consider the main trends in the development
of the global educational space, use educational technologies, including the
capabilities of Al. Nevertheless, at present the idea of using Al elements in
education is not complete and requires proper systematization. Several
questions arise, including what the essence and functional role of Al in the
training of specialists is; what and how to teach in order to increase the
demand for graduates in the context of digitalization and the development of
Alin the country's economic systems, etc.

Main part. Problems and prospects of Al in the system of higher
education

Part 1. Evolution of understanding and modern perception of Al

People often attribute specialized computer programs to Al that allow
to get rid of routine work or, even more, allow to make control decisions.
But such an interpretation does not provide an understanding of what
functionality Al carries and where the boundary between information
technology and artificial intelligence lies. Research of literary sources [8,
9,10, 11, 12, 13] has shown that a generally accepted definition of the
concept of "artificial intelligence" has not yet been fully formed. At the
same time, the modern perception of the essence of Al is dynamic.
The stages of development of understanding of the essence of Al are
proposed in the Table.

Table — Characteristics of the stages of development of perception of the essence of Al by year

In 1935, Alan Turing formulated the idea of an abstract computing machine consisting of an infinite memory and a scanner that
moves forward and backward through the memory. (Alan Turing, work "Computing Machinery and Intelligence"). The founder
of the term Al is John McCarthy — an American scientist who in 1956 with his colleagues (Marvin Minksy, Nathaniel Rochester
and Claude Shannon) suggested that "Every aspect of learning or any other characteristic of intelligence can in principle be so

Development of the theoretical and philosophical concept of Al, the main essence of which is self-learning of an intelligent
system. Self-learning requires powerful computer support. As a result - the development of computing equipment and compu-
ting technologies (storage of large amounts of information, increasing the speed of information processing), the beginning of
research by scientists of methods and algorithms of machine learning. Creation of agencies and funds for research in the field

Stages by year Al related activities
1935-1960
precisely described that a machine can be designed to imitate it" [14].
1960-1979
of Al, mainly in the USA.
1980-1990

Development of algorithmic tools in the field of Al, expansion of research in the field of machine learning. David Rumelhart and
John Hopfield published the results of research on deep learning methods.

1990-early 2000 s

Achieving many goals and objectives in the field of Al, due to the development of significant capacities of software and compu-
ting systems.

In different countries, research in the field of Al was actively disseminated, experience in using Al was increasing, intelligent
systems acquired the ability to self-learn, while collecting, systematizing, analyzing data, making decisions, which was only
possible for a person. Such well-known Al applications as Google Search, YouTube, Amazone, Netfix, Google Assistant, Ap-
ple Intelligence, ChatGPT, etc. appeared.

2000 s — present

Al "assistants", intelligent technologies and Al elements are becoming an integral part of production and public-social systems.

The development and implementation of Al in production is provided for by state and regional strategic programs.

An analysis of the development of events and processes preceding
the current understanding of Al allows to identify the enlarged technologi-
cal periods of the formation of the concept of Al:

The first period (1935-1970) can be called theoretical, when people
understood the need and value of accumulated information in electronic
form about business, the market, clients, in order to use it more effective-
ly to achieve their goals. The following technical solutions were aimed at
achieving this goal: obtaining, processing information, forming and storing
data arrays. It is hardly possible to classify the technologies of this period
as Al. These were technological operations and processes based on
software and computer complexes for the formation of scientific reference
information (SRI), which began to be called information systems. Accord-
ing to [15]: "An information system (IS) is a set of data banks, information
technologies and software and hardware complexes." Any information
system that solves an intellectual problem or uses artificial intelligence
methods is classified as intelligent [16].

In the next period (1970 s — 2000 s), with the increasing complexity
of NSl arrays (increasing volumes, their heterogeneity), there is a need to
automate analytical processes, generate and forecast heterogeneous
sets of information, draw conclusions, adapt to emerging failures, and
even offer management solutions. All this freed from routine tasks, was
useful in production processes, and strengthened the confidence of man-

agers in decision-making. In production and technological systems based
on increasingly sophisticated software and computer tools, they sought to
move from information systems to information and management systems.

In recent decades, due to several technical innovations, Al has de-
veloped rapidly. Al technologies allow an intelligent system to receive and
process big data in real time, promptly adjust design decisions, control
operations, and draw practical conclusions that contribute to confident
decision-making [17].

The study of the history of Al technology development shows that Al
has improved and depended on the level of technical support for intelli-
gent systems and their technological development, and, accordingly,
different understandings of the essence of Al have arisen. Throughout
each period of development of understanding of Al, scientists and re-
searchers have attempted to formulate the definition and essence of Al.

Thus, at the stages of early understanding (before the 90s), in the
definitions of Al, researchers emphasize the machine, mechanical, and
functional components of artificial intelligence. As a typical example, we
will cite the definition given by one of the founders of Al, Marvin Minsky:
"The science of how machines do things that would require intelligence
as if humans did them" [17]. A similar idea can be seen in the under-
standing of the essence of Al by other early researchers: John McCarthy,
Alan Turing and others.
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Starting from the 90 s — 2000 s, the presentation of the essence of Al
has acquired a more expanded form. A distinctive feature of the interpre-
tation of Al in recent decades was that Al necessarily works based on the
use of neural networks.

Most clearly and accurately, in the authors’ opinion, the essence of
Al is reflected in the characterization of this term by the English scientist
Russell Stewart Jonathan: “Artificial intelligence in the broadest sense is
the intelligence demonstrated by machines, in particular computer sys-
tems. It is an area of research in computer science that develops and
studies methods and software that allow machines to perceive the envi-
ronment and use learning and intelligence to perform actions that maxim-
ize their chances of achieving their goals. Such machines can be called
artificial intelligence” [18].

Thus, understanding the essence of Al has its own dialectic of devel-
opment, which ultimately comes down to the ability of an intelligent sys-
tem to self-learn and use the acquired knowledge to solve problems,
including making decisions, as a person would do. The ability to self-learn
can be called one of the main features of Al. Other features of Al are:
computer networks (computer and network equipment, software); artificial
neural networks (programs or algorithms that use computing systems),
databases (BIG DATA).

Currently, Al technologies are being implemented in many sectors of
the economy. Many examples of Al use are noted in healthcare, military
affairs, financial management systems and banking, online trading,
transport and logistics systems, and others. In communication and tele-
communications systems, the use of automated online assistants is be-
coming the norm. The most famous Al systems in the world are:
ChatGPT (from the English Generative Pre-trained Transformer), capable
of working in a dialog mode, supporting requests in different languages.
The system can answer questions, generate texts in various subject are-
as; Deep Blue is a chess supercomputer; MYCIN is one of the early intel-
ligent systems, was designed for diagnostic tasks in medicine. There are
many computer games using Al technologies, the direction is called
"gaming artificial intelligence". The largest research centres in the field of
artificial intelligence are in the USA, Germany, Japan, Russia, India, Chi-
na. The Chinese Al industry is developing rapidly. This is confirmed by
the fact that the growth rate of the number of patents in this area in the
PRC is on average 1.4 times higher than the global average. In China, Al
has become one of the key areas of the country's digital economy.

The above facts are a small part of what characterizes the long-term
potential of Al, which is actively being introduced into various spheres of
public life. It seems that the requirements for Al will only increase over time,
since in essence this system must be able to cope with cognitive tasks
inherent in humans. At the same time, according to the assessment given in
[19]: “Artificial intelligence is algorithms, neural networks of various types,
which are laid down by humans. Al will never be smarter than all people,
because it is a product of human thinking. Al will not develop until humans
develop. And this is the main thing today for understanding the essence of
artificial intelligence and the directions in which this all-knowing assistant
should be developed.” Therefore, the development of Al potential depends
on highly qualified specialists, who already today need to be taught to un-
derstand Al and work with it, thereby developing themselves and Al itself.

Part 2. Potential and tasks of Al in higher education

Considering the essence of Al, which we adhere to in this article, a
qualified specialist must be ready to perceive any innovative solution,
able to constantly develop his mental activity in the field of his profession.
The main qualification quality of a graduate of our time who has a higher
education is not just to have knowledge and skills base, abilities within
the framework of his profession, but to understand the main modern and
promising trends, considering which to have the ability to implement his
activities in the conditions of working with intelligent technologies. This
means that a university graduate must acquire the skill of continuous self-
development considering Al tools.

Many scientists and practitioners note that despite the gradual im-
provement of legislation in the field of digital technologies, insufficient
attention is paid to the issues of using Al technologies in the university
education system. The question: "In what format should Al be used in the
higher education system" is discussed at many seminars, forums, and
platforms. At the Russian forum on Al in higher education (June 28-30,
2024 in Tyumen), it was noted that “On the one hand, we are witnessing
the rapid development of technologies, when literally every month Al

solutions appear that seemed impossible to implement six months ago.
On the other hand, the university system is inherently inertial and intro-
duces innovations more slowly than businesses. As a result, the gap
between university pedagogical formats, educational models and organi-
zational structure, on the one hand, and the opportunities that Al opens,
on the other, is steadily growing” [20]. The conclusion that should be
drawn from this and other similar publications is that in the era of Al im-
plementation, a fundamental change in approaches to the educational
process in universities will be required. The existing system of education
(let's call it traditional) in the university today is characterized for most
specialties as a passive acquisition of knowledge.

Of course, at present the possibilities for conducting lectures are
wider and more visual than a couple of decades ago: interactive systems
are used, in their absence — project presentation systems, visual infor-
mation is provided.

A positive element of modemity is the availability of electronic educa-
tional and methodological complexes, electronic methodological manuals
for conducting practical and laboratory classes, available to the student at
any time, thanks to modern devices.

On the other hand, the availability of electronic sources weakens the
systematicity and progressiveness in the acquisition of knowledge by
students, instils the hope of "I'll read it later".

The presence of mobile phones in students distracts from listening
and deep understanding of the topic, answers to questions are found on
the Internet without hesitation. In addition, the use of electronic mini tools
used by students when passing the exam, and the presence of which is
difficult for the teacher to detect, allows you to mislead the teacher re-
garding the assessment of knowledge.

All the innovative possibilities and achievements of modern gadgets
are useful and deserve approval, but with the traditional way of organizing
the learning process, they contribute to a decrease in the effectiveness of
learning, students do not learn to think, remember and, accordingly, make
independent decisions. Of course, the main role in presenting information in
organizing the lecture process belongs to the teacher, but even the most
wonderful speaker with interesting presentation materials significantly re-
duces the effectiveness of the acquired competencies in relation to the level
of modern competence requirements in the context of digitalization and Al.

The memorandum adopted following the Forum "Al in Higher Educa-
tion: Pedagogical Challenges and Prospects of Russian Universities",
which took place on June 28-30, 2024 in Tyumen, noted that "the tasks
of training highly qualified specialists are becoming more complex in our
time: there should be not subordinating of a student to Al, but moving him
to the position of a subject of cognition and activity, capable of creatively
using and developing Al as a working tool" [20].

The inevitability of the promising use of Al technologies in the educa-
tional system already today requires a constant search for effective system
tools and experimentation with various innovative educational techniques.
It also does not seem possible to quickly and widely implement the idea of
using Al in the educational process for all universities. This also depends on
specialties and disciplines. Specialized universities or divisions of universi-
ties that train specialists related to computer science (engineering, digital
technologies, programming) are in an advantageous position. These educa-
tional institutions have the appropriate material and technical base and
qualified faculty in the field of digital infrastructure and Al.

Some technical specialties (in the fields of mechanical engineering,
energy, instrument making and others) also have trends close to interac-
tion with Al, for which classes are conducted using equipment and spe-
cialized technologies that are elements of Al. For example, additive tech-
nologies in manufacturing. But in addition to specialties related to com-
puter science, many specialists are graduated from other industries that
are very necessary for the country's economy. For many specialties, the
potential of Al is not used at all or is used chaotically and insignificantly.
There is a problem of having an appropriate material and technical base,
as well as the selection and acquisition of educational software tools.

What Al content systems for training are available today on the glob-
al network. The most famous generative technologies are ChatGPT,
Gemini, Llama, developed and supported by large technological giants
OpenAL, GOOGLE, Facebook. Perhaps in the future, there will be many
smaller, more accessible specialized models in the world. It is no secret
that some students turn to ChatGPT to complete their term papers, the-
ses, and projects. This is a text generative application. But the system
generates the information that is in the database. Is the process of com-
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pleting work with the involvement of Al and the resulting product useful
for students? If the student does not participate in the generation, then it
is not useful. A competent teacher will immediately determine that the
work was not completed by the student. This chat will be useful if the
student interacts with the generator. Asks questions, thereby clarifying
and adjusting the requirements. At the same time, the chat replenishes its
database on a specific issue and learns to formulate an answer in ac-
cordance with the questions, that is, it self-learns. There is also a benefit
for the student, since questions must be formulated. Without knowledge,
you cannot formulate a question. So, after all, the student needs to ac-
quire competencies. Thus, interest in learning appears through gamifica-
tion (increasing interest in leaming through play).

It is also useful for a teacher to use these generators to search for in-
formation, create interesting lectures, visual materials, presentations,
projects and research, etc. In higher education, it is necessary to develop
a system that provides for increasingly independent mastering of educa-
tional material by students under the supervision of a teacher. This in-
creases the efficiency of knowledge acquisition and teaches independent
thinking. An important aspect is the manageability of the educational
process with the involvement of Al for the preparation of modern qualified
specialists for all sectors of the economy, which should begin at the state
level. It is advisable to have a consolidating body that will be engaged in
the development of methodological approaches to the educational pro-
cess with the involvement of Al technologies in universities in future.

Conclusion

Based on the conducted study of the essence of the modern under-
standing of Al and the identification of the main features characterizing Al,
the author's definition of the concept is proposed: "Artificial intelligence is an
area of computer science that explores methods and technologies based on
the principles of operation of artificial neural networks, allowing computer
systems, taking into account large amounts of information (BIG DATA), to
perform tasks comparable to human cognitive abilities."

The inevitability of the introduction of Al into the national economy
and social life of society leads to a natural need to transform the learning
process at universities, the essence of which is the introduction of Al in
the process of higher education.

Benefits of transforming the learning process in terms of involving Al:

the attractiveness of learning through gamification increases;

student interest increases due to increased conversion from learning.
By setting tasks for the generator, the student becomes interested in the
result. To ask a question, you need to know something yourself;

it becomes possible to create educational content based on curricu-
lum standards and student levels;

improving the training strategy due to the need to analyze the inter-
action of Al with students;

ensuring the training of specialists who meet the requirements of a
high-tech developing economy, who are capable of self-study and have
the need to implement their activities in conditions of work with highly
intelligent technologies.

There are also problems in connection with the upcoming transfor-
mation, which can be called tasks, since they need to be solved:

financial investments are required for the development of products,
their implementation and training of teachers, development of the material
and technical base;

systemic methodological and effective educational solutions aimed at
the use of Al tools in education will be required at the state level;

overcoming the inertia, and sometimes outright skepticism of most of
the teaching community regarding Al in relation to the higher education
system.
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Abstract

This paper provides an in-depth discussion of China's rich experience in the field of building cost engineering development and application,
especially focusing on the current development of assembly building, which is the most representative of the process of building industrialization.
With its relative advantages in cost, especially its wide application in the construction projects of sheltered housing, assembly building has gradually
become one of the important directions for the transformation of China's construction industry. Despite the fact that assembled buildings have
demonstrated many advantages, such as reducing on-site construction pollution and shortening the construction period, challenges in terms of low
technological maturity, shortage of professionals, and cost control still exist. The article further analyses the concept of building industrialization and its
impact on construction cost, pointing out that although the cost of industrialized housing may be higher in the use phase, its overall cost is lower and the
economic benefits are significant from the perspective of the whole life cycle. In addition, a BP neural network model is introduced in the paper to
predict the cost of assembled buildings. Through the learning and training of a large number of actual project data, the model demonstrates excellent
prediction ability, which can effectively assist decision makers to make an accurate estimation of the project cost at the early stage of the project, reduce
the project cost, and promote the healthy development of assembly buildings. Therefore, this paper not only provides valuable practical experience for
the development of construction cost engineering, but also lays a solid theoretical foundation for the promotion and application of assembly building.

Keywords: building industrialization, prefabricated building, cast-in-situ building, BP neural network model.

OnbIT KUTAA B PASPABOTKE U MPUMEHEHUN UHXUHUPUHIA CTOMMOCTU CTPOUTENIBCTBA
Li3sn HOnxao, Ban My3u, ®aHb Csotoi, HuH H0inuHb, O. C. Fony6oBa

Pedepar

HanHasi pabota npeacTaBnsieT yriybneHHoe obcyxaeHue Goratoro onbita Kutas B oBnactv passuTUS M MPUMEHEHWUS CTPOUTENbCTBA MO
npoekTupoBaHuto  3atpaT. OcoBoe BHUMaHWE yOENsieTcs TeKylwemy pasBUTUIO MOHTAXHOTO CTPOWTENbCTBA, KOTOpPOe sBRsieTcsl Hawbonee
NpPeAcTaBUTENBHBIM B NpoLecce MHAYCTpUanu3auum CTpouTenbCcTea. C Y4ETOM CBOWMX OTHOCUTENbHbIX NMPEUMYLLECTB B 3aTparax, 0C06EHHO LUMpOKoro
MPUMEHEHNSI B CTPOUTENbHBIX MPOEKTAX COLMANbHOrO KWNWLLA, MOHTaXHOE CTPOMTENLCTBO MOCTEMEHHO CTano OHWAM W3 BaXHbIX HampaBneHui
npeoﬁpaaoBaHmn CTpOI/ITEJ'IbHOVI NPOMbILLNEHHOCTH Kutas. HeCMOTpFI Ha TO, YTO MOHTaXHbl€ 34aHNA NPOAEMOHCTPMPOBAN MHOIME NPEUMYLLIECTB, TaKkne
KaK YMeHblUEHME 3arpsidHEHWs Ha CTPOWTENBbHOM Y4acTKe W COKpalleHWe Cpoka CTPOMTENbCTBA, BCE XE CYLECTBYKT Mpobrembl B BWAE HWU3KONA
TEXHOMNOMMYECKO 3pENnocTH, HeJocTaTka CneLManicToB U KOHTpons 3atpat. CTaTbst aHanMavpyeT KOHLENLMI0 MHAYCTpUanu3aumun CTpoMTENbCTBa U ee
BMUSHME HA CTOUMOCTb CTPOUTENBCTBA, YkasblBasi, YTO XOTS CTOMMOCTb MHAYCTPUANM3NPOBAHHOTO XUMLLA MOXKET ObiTb BbILLE HA 3Tarne SKChryaTtaLum,
ee oﬁmaﬂ CTOMMOCTb HWXe, a SKOHOMWYECKMEe BbIrodbl 3Ha4YMTENbHbI C TOYKU 3PEHUA BCETO XWU3HEHHOro LMKna. Kpome T0ro, B pa60Te npefacTaeneHa
MOZENb HEPOHHOI CETU MPSIMOrO pacnpocTpaHenus (BP) ans nporHoaupoBaHMsi CTOMMOCTY MOHTaXHbIX 34aHuid. Yepes oByueHne U TPEHUPOBKY Ha
BOrbLLIOM KOMMYECTBE (HAKTUHECKUX AaHHBIX MPOEKTOB, MOAENb AEMOHCTPUPYET OTIIMYHYIO CMOCOBHOCTL K MPOrHO3MPOBaHMI, YTO MOXET 3(EKTUBHO
MOMOYb MPUHSITUIO PELLEHUA INLIAM, 3aHUMAIOLLMMCS MPUHSITUEM PELUEHMIA, TOYHO OLEHMBATL CTOMMOCTb MPOEKTA Ha PaHHEi CTaaun NpoeKTa, CHIKaTL
CTOMMOCTb MPOEKTa M CrocoOCTBOBATL 3[0POBOMY Pa3BUTMIO MOHTAXHOIO CTpOMTENbCTBA. TakM 00pas3oM, faHHas paboTa He TOMbKO MpeacTaBnsieT
LieHHbI NPAKTUYECKIA OMbIT AN1S PA3BUTIS CTPOUTENBCTBA MO NPOEKTUPOBAHMIO 3aTPAT, HO W CO3AaeT NPOYHYI0 TEOPETUYECKYIO OCHOBY ANt POABWKEHMS
W NPUMEHEHNA MOHTaXHOIo CTPOUTENbCTBA.

KnioueBble crnoBa: nHaycTpuanusaums CTpouTenbCcTBa, COOPHOE 3aaHne, MOHONUTHOE 3aHue, HelipoceTeBas Moaenb BP.

1 Introduction

The construction industry is one of the pillar industries of China's na-
tional economy, which has a significant impact on the country's economic
form. Starting from the executive meeting of The State Council of China
in 2016 to promote prefabricated buildings, various localities began to
pave the way for the development of prefabricated buildings in terms of
tax support policies. In 2017, China's Ministry of Housing and Urban-
Rural Development issued the "13th Five-Year Plan" Action Plan for pre-
fabricated buildings. The plan clearly indicates that more than 15 % of the
regions that are expected to actively promote prefabricated buildings by
2020, and the number of buildings should also exceed 15 % [1]. Accord-
ing to the Consumption Quota of prefabricated Construction Projects
issued by the Ministry of Housing and Construction of China, for prefabri-
cated residential projects, the construction cost of low-rise buildings is

about 2150 RMB/m? (equivalent to 306.66 USD/m2), and the construction
cost of high-rise buildings is about 2420 RMB/m2 (equivalent to
345.17 USD/m2). The construction cost of the cast-in-place concrete
building estimated by the Ministry of Housing and Urban-Rural Develop-
ment is about 2000RMB/m? (equivalent to 285.26 USD/m?) [1].

2 Industrialization of building

2.1 The concept of building industrialization

The United Nations Economic Commission has put forward the rele-
vant concepts of building industrialization, namely: continuity of produc-
tion, standardization of production materials, integration of various stages
of production process, mechanization of construction, highly organized
engineering, integration of production and organization. The industrializa-
tion of construction is summarized in one sentence, which is to organize
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the production of houses like the manufacture of cars [2]. Prefabricated
building is a special building technology system that elevates all kinds of
general prefabricated components (PCS) to factory production and on-
site mechanized assembly through proprietary connection technology.
Prefabricated building is a representative product of building industrializa-
tion, which is widely used in affordable housing, and is a development
trend of future construction projects. Its advantages are short construction
period, less pollution in site construction, and less restriction by climatic
conditions. Precast concrete components generally refer to building com-
ponents pre-made by concrete, which is the basis for realizing the prefab-
rication of the main structure. Its main advantages are good structural
properties, pipeline-type factory production can efficiently ensure struc-
tural mechanical properties, strong cohesion. However, because the
whole performance of precast concrete is not ideal in practice, it can not
be used in buildings with high seismic requirements [4].

2.2 The concept of engineering cost

Project cost refers to the costs required in the process of project con-
struction, including land costs, design costs, construction costs, material
costs, equipment costs, management costs, supervision costs, etc. The
calculation of project cost needs to consider the rationality and economy
of various costs to ensure the quality and efficiency of the project. In the
early stage of the project, it is necessary to carry out budget and cost
control to evaluate the feasibility and rationality of the project. In the con-
struction process, it is necessary to carry out cost management and cost
control to ensure the construction progress and quality of the project, and
to maximize cost savings. From the perspective of the owner, the project
cost refers to the total amount of all actual costs incurred by a project
from scratch to fully complete the construction of the project, that is, all
fixed asset investment costs [5].

2.3 The influence of building industrialization on project cost

In terms of the impact of construction industrialization on project cost,
the cost of industrial housing is higher in the use stage, but its whole
process cost is lower than that of traditional housing. In terms of the influ-
ence of prefabricated construction on project cost, prefabricated construc-
tion is at a disadvantage in installation projects and needs to be im-
proved [6]. The large scale of enterprises, only have the strong strength
to carry out relevant scientific research, easy to reach cooperation with
relevant suppliers, and then make the standards of enterprises become
the standards of the supplier industry, and drive the industrialization pro-
cess of the entire industry.

3 Cost of prefabricated construction project

3.1 The position of prefabricated construction in building indus-
trialization

Prefabricated construction is an important construction technology in
building industrialization, and its application in China is mainly concen-
trated in affordable housing, and prefabricated construction technology
has been greatly developed in this process. With the continuous devel-
opment of technology, such as PC integrated assembly construction, the
principle of systematics is used to consider the unity of the position of
prefabricated steel bars and reserved steel bars, and the straight thread

Table 1 - Prefabricated project planning scheme

composite connection is used to connect the components. The integral
cast-in-place method is adopted at the joint, which has good seismic
performance and overall performance, and gradually overcomes the
problems of instability, water leakage and component shedding in the
assembled construction technology [6].

3.2 Comparative analysis of the cost of prefabricated buildings
and cast-in-place buildings

Take Building 3# of Country Garden Peoples Project in Ningbo City,
China as an example, its construction area is 4714 m2, according to rele-
vant drawings and standard specifications, in accordance with the same
quality requirements and functional standards. According to the four types
of projects, the total cost of prefabricated construction and cast-in-place
construction is analyzed, as shown in Figure 1.

12000000

10000000  Prefabricated construction

® Cast-in-situ construction
8000000
6000000

4000000

2000000

Electrical
engineering

Civil Decoration

Heating Total

engineering  engineering engineering

Figure 1 — Comparison of total cost of prefabricated construction and
cast-in-place construction

It can be seen from the figure that the cost of prefabricated construc-
tion is higher than that of cast-in-place construction except for civil engi-
neering, and all other projects are lower than that of cast-in-place con-
struction [8]. Because the cost of civil engineering of prefabricated con-
struction is much higher than that of cast-in-place construction, the pre-
fabricated construction is in a disadvantageous position compared with
cast-in-place construction in total price.

4 Cost estimation of prefabricated construction project based
on BP neural network

4.1 Project introduction

This paper selects China's Ningbo Country Garden People Project,
which covers an area of 69240.67 m? and a building area of
167080.99 m2, among which the built-up area is 124633 m?, and the
building density, plot ratio and greening rate are 29.31 %, 1.8 and
30.15 %, respectively. The prefabricated project planning is shown in
Table 1 [9]:

Implementation plan Building number: 5#, 11#, 154

Implementation scale: 22,800 m2

Structural system

Prefabricated shear wall structure system

Internal casting and external hanging system

Prefabricated cladding (including insulation)

Prefabricated shear wall external wall (including insulation)

Precast component -
Prefabricated balcony

Prefabricated air conditioning panel

Built-up interior High precision block + thin plaster

Package window system

Tower crane selection: Heavy tower crane

Formwork: Wood formwork

Construction technique

Use penetration construction techniques: Yes

Scaffold project: self-lifting climbing frame

4.2 Analysis of the actual project cost

The installation cost of prefabricated components is determined by
the general contractor according to the group price of construction site
consumption and scheme, etc., and the unit price of all installed prefabri-
cated components is determined after negotiation [9]. The unit price of
installation consists of embedded iron parts, on-site unloading of compo-

nents, construction of high-strength grouting materials, joint treatment,
cleaning of exterior wall parts and gluing treatment, etc. The above are all
processes of installation of prefabricated components. The non-
component parts of the prefabricated component cost include the on-site
installation cost and the purchase of the main materials of the prefabri-
cated component [10]. All price details are shown in Table 2.
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Table 2 - Valuation table of component engineering quantity list

Project Unit Quantity of work Comprehensive unit price Main material price Total
PC straight wall m3 300.7 865 2900 1132135.50
PC bay window m3 94.99 890 3600 426505.10
PC balcony m3 68.79 930 3380 296484.90
PC stairs m3 61.37 940 3100 247934.80
Total RMB 2103060.30

Underground engineering below 0 meters mainly refers to the construc-
tion of basement engineering, pile foundation engineering, etc., which will
not affect the cost level of the study of assembled engineering, so the un-
derground engineering part will not participate in the study of this paper.
The unit project cost summary shows the itemized cost of each project, and
the total project cost includes taxes and fees [11]. According to the statistics

Table 3 - Summary of project unit engineering cost

and summary analysis of the actual engineering data, the total cost of build-
ing 5# using the prefabricated construction method is about 8.2 million
RMB, and the single cost is 1064.28 RMB per square meter after conver-
sion, including the incremental cost of structure and construction measures.
The unit cost of the project is shown in Table 3.

Number Project Cost
1 Total value of bill of quantities 6073660.78
2 Structure and rough decoration 3946173.98
3 Below 0.00 0.00
4 Above 0.00 2768161.50
5 Facade decoration 24426.50
6 PC prefabricated installation (including main materials) 2103060.30
7 Measure project cost 1 (Formwork scaffold) 1526847.08
8 Measure project cost 2 (except formwork scaffolding) 607746.58
Total 8208254.43
Floor area 7712.52 m?
Project cost alone 1064.28 RMB/m?

4.3 BP neural network model construction

The basic structure of BP neural network includes input layer, hidden
layer and output layer. The structure design of BP neural network estima-
tion model for prefabricated building engineering will focus on these three
aspects, including the number of neuron nodes in input layer, hidden
layer and output layer [13].

The input layer is the model that receives information and transmits it
to the neurons of the next layer. Starting from the basic principles fol-
lowed by the cost budget of prefabricated building projects, the most
direct factors affecting the cost are selected as the key feature indicators.
The direct feature factors affecting the project cost include inner wall,
outer wall, column, beam, plate, staircase and balcony bay window [13].
The corresponding input index of the training sample is the prefabrication
rate of each prefabricated component and the unilateral incremental val-
ue, with a total of 9 data. The purpose of the calculation model is to calcu-
late the unilateral building cost index of the target project according to the
known prefabrication rate, so the indicator data to be input for the target
project to be estimated is only the prefabrication rate of each prefabricat-
ed component, with a total of 8 data [15].

Hidden layer design includes layer number design and node number
design. The hidden layer is the middle part of the neural network estima-
tion model, and its role is to process and transform information. According
to the needs of actual problems, the hidden layer can be designed as a
single-layer hidden layer or multi-layer hidden layer structure. This func-
tion is a continuous function in the definition domain, and it is a suitable
activation function for prefabricated construction cost estimation mod-
el [16]. Therefore, it is only necessary to adopt a single hidden layer
structure in the design of network structure. The setting of the number of
nodes in the hidden layer mainly considers the nature and characteristics
of the training samples, including the number of training samples, the
proportion of non-regular content in the samples and the complexity of
regular content in the samples. For more complex nonlinear functions,

due to their frequent fluctuations and large amplitude changes, more
neuron nodes in the hidden layer are needed to enhance the mapping
ability of the network [17]. For linear functions, in general, the setting of
the number of hidden layer neurons can be determined by empirical for-
mulas, which are commonly used as shown in equation (1). Where n
represents the number of neurons in the hidden layer, m represents the
number of input data, and | represents the number of neuron nodes in the
output layer. When the model is trained, the number of neuron nodes in
the input layer is 6, and the number of neuron nodes in the output layer is
1, then the number of neuron nodes in the hidden layer is 2 according to
the formula [18].

n =log2™
{n 2 (1)

The output layer is the result value measured by the model system,
which represents the functional goal to be achieved by the system, and is
also the only condition for error determination. In this model, we hope to
predict the unilateral cost and other cost indicators, and the output result
is one of the unilateral cost of the prefabricated building [19].

4.4 Prefabricated building cost calculation

Twenty groups of data from 25 residential engineering samples in
Zhejiang, Shanghai and Jiangsu from 2017 to 2020 were randomly se-
lected as training sets and input into the constructed BP neural network
prediction model to complete the training. On this basis, a prefabricated
construction cost prediction model based on BP neural network is suc-
cessfully established, and the training data are shown in Table 4 [20].

Create a feature variable array and a predictor variable array respec-
tively in MATLAB, and import the data into the BP neural network model.
The model structure is shown in Figure 2.
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Table 4 - Training data

Number | Bearingwall | Column Beam \r;lvglr;-load-bearmg Plate Precast rate Ll‘:f&fvrl'éﬂnz)
1 0% 0% 0% 0% 5.46 % 14.46 % 254
2 0% 0% 0% 0% 6.3% 15.3 % 260
3 0% 0% 0% 0% 10.29 % 19.29 % 289
4 0% 0% 0% 0% 12.6 % 20.1 % 283
5 6.8 % 0% 0% 0.82 % 12.6 % 29.22 % 401
6 153 % 0% 0% 1.8% 3.36 % 29.46 % 454
7 15.81 % 0% 0% 18% 12.6 % 39.21 % 527
8 11.9% 0% 0% 1.44 % 16.8 % 39.14 % 503
9 8.33% 8.7% 10.5 % 0% 12.6 % 49.13 % 636
10 15.47 % 16.24 % 0% 1.86 % 16.8 % 59.37 % 758
1 15.47 % 0% 15.75 % 1.8% 16.8 % 58.82 % 729
12 0% 0% 0% 2.7% 6.86 % 20.6 % 3195
13 10.89 % 0% 0% 0% 753 % 20.32 % 262.8
14 5.01 % 0% 0% 5.05% 6.72 % 30.76 % 452.7
15 141 % 0% 0% 3.09 % 7.3% 30.25 % 386.1
16 11.82 % 0% 0% 7.03 % 6.56 % 39.7 % 606.6
17 9.24 % 0% 0% 1.65 % 0% 1917 % 220.78
18 84 % 0% 0% 1.87 % 0% 19.89 % 225.76
19 6.3% 0% 0% 0% 4.8 % 20.72 % 173.82
20 10.5 % 0% 0% 11% 4.8 % 19.38 % 209.18
G N (5 a
; 5
= 0 g_
2 Olb O\
- -
N = N z
\. J \. J

Figure 2 — Structure diagram of BP neural network

Then, Levenberg-Marquardt method is used for training, and the ef-
fect of the prediction model is analyzed according to the training perfor-
mance graph and regression graph. The training performance diagram is
shown in Figure 3, where the blue solid line represents the training pro-
cess of the neural network, and the green solid line represents the verifi-
cation process of the neural network. The red implementation is to test
the neural network process and show the change of the MSE value. The
Best dashed line represents the best result of the neural network after
training to the 13th time.

The fitting of model training is shown in Figure 4. The fitting degree
between the model output data, training data, verification data and test
data is above 0.8, indicating a high degree of linear correlation, indicating
that the model has a good prediction effect and can predict the cost of
prefabricated buildings.

Based on MATLAB software, this paper establishes the prefabricated
construction project evaluation model by combining the principle of BP
neural network with the cost characteristics and engineering characteris-
tics of the prefabricated construction project. The real case data is com-
prehensively collected, the database is built to simulate the model, and
the predicted cost estimate value is adjusted and corrected after the train-
ing, so as to improve the rationality and accuracy of the estimate, so as to
be consistent with the real project construction, and finally the estimate
model of unilateral project cost increment can be used in engineering
practice.

The Validation Performance is 2974.216 at epoch 7
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Abstract

In the context of the digital transformation of the global economy, the development of the transport industry is acquiring a new vector, characterized
by the active introduction of digital technologies. The digital economy affects all aspects of the transport system, from improving the efficiency of
logistics processes to ensuring the safety and sustainability of transport routes. The introduction of technologies such as the Internet of Things (loT),
blockchain, big data and artificial intelligence allows us to automate many processes, minimize risks and increase the transparency of supply chains.
These innovations help to speed up the transfer of information, improve monitoring and forecasting, which is important for timely and high-quality
customer service.

The digitalization of the transport industry also stimulates its adaptation to changing market needs and increases the competitiveness of
companies. For example, the use of data analysis and forecasting systems allows for better management of transport flows, optimize routes and reduce
operating costs. Blockchain technologies increase security and trust in information, eliminating the possibility of counterfeiting and fraud, which is
especially important in the context of globalization and increasing cross-border transportation. Digital technologies also ensure increased environmental
friendliness of transport processes, helping to reduce emissions and switch to alternative energy sources.

Thus, the digital economy is becoming a key driver of innovation in the transport industry, transforming working methods and opening up new
prospects for its sustainable and efficient development.

Keywords: digital economy, transport industry, logistics, automation, big data, Internet of things, intelligent transport systems, digitalization,
cybersecurity, route optimization.

BNUAHUE LMOPOBOW 3KOHOMWUKU HA PA3SBUTUE TPAHCNOPTHOW OTPACIU
Hwn 0nnuHb, 1. B. MpuHueBnY

Pechepar

B ycnosusx umdpoBoit TpaHchopMaLv MYPOBON SKOHOMUKW PasBUTIE TPAHCMOPTHOM OTpacny nNprobpeTaeT HOBLIN BEKTOP, XapaKTepuayoLwuics
aKTVBHBIM BHELIPEHWEM LiudpoBbIX TeXHOMOrviA. LindpoBas skoHOMMKa BIINSIET Ha BCE acneKTbl TPAHCTOPTHOM CUCTEMBI, OT MOBBILLEHNS 3(EKTBHOCTM
NOrMCTMYECKUX MpoLieccoB [0 obecneyeHns 6e30nacHOCTM W YCTOMYMBOCTM TPAHCTIOPTHBIX MapLUpyToB. BHeapeHue Takix TeXHOMOrui, Kak MHTEpHeT
Belledt (loT), 6rokyeitH, GonbluMe AaHHbIE W UCKYCCTBEHHBIA WHTENMEKT, NO3BONSET aBTOMaTU3NpOBaTb MHOMME MPOLIECCHI, MUHMMM3NPOBATL PUCKA
MOBbICUTb MPO3PAYHOCTb LIENOYeK MOCTABOK. JTM MHHOBALMW CrIOCODCTBYIOT YCKOPEHWIO nepedayqs MHAOpMaLmKM, YNyYLeHW0 MOHUTOPUHTA W
MPOTHO31POBAHNS, YTO BaXHO A5 CBOEBPEMEHHOTO M KAYECTBEHHOO 0BCNY)XMNBAHNS KIMEHTOB.

LinchpoBn3aLss  TpaHCMOPTHO OTPachM Takke CTUMYNMPYET ee adanTauuio K W3MeHstowMMcs noTpebHOCTAM pblHka M MOBbILAET
KOHKYPEHTOCMOCOOHOCTb  KOMMaHWA. Hanpumep, MCMOMb30BaHWE CUCTEM aHanu3a [aiHbIX W MPOrHO3WpOBaHMS MO3BOMSET Iyulle YnpaBnsaTb
TPaHCMOPTHBIMM MOTOKaMK, OMTUMM3WPOBATb MapLUPYTbl M CHU3UTL SKCTINyaTaUMOHHbIE 3aTpaThbl. Brok4eiH-TeXHONOrmM MoBbILAKT 6€30MacHoOCTb W
[oBepue K MHAopMaLK, 1CKIioyas BO3MOXHOCTb MOAAENOK M MOLUEHHNYECTBA, YTO OCOBEHHO aKTyamnbHO B YCTOBMSX mobanuaauun 1 yBenu4eHns
TPaHCIPaHNYHbIX NMepPeBo3oK. Takke LypoBble TeXHOMOrM 06ecreumBaloT MOBbILEHWE KONOMMYHOCTM TPaHCMOPTHbIX MPOLIECCOB, CMOCOBCTBYS
CHUXEHWIO BbIDPOCOB 1 MEPEXOfY Ha anbTepHATUBHBIE UCTOYHVKIA 3HEPTUM.

Takum obpasom, LudpoBast SKOHOMMKA CTAaHOBUTCS KIIOYEBbIM ApaiBEpPOM WHHOBALMIA B TPAHCTIOPTHOM OTPacu, TpaHC(OPMMPYS MeToab! paboThl 1
OTKPbIBas HOBbIE NEPCMEKTMBLI ANS €€ YCTONYMBOTO W 3MEKTUBHOTO pasBuUTUS.
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Introduction

The digital economy is fundamentally changing not only the usual ar-
eas of interaction, but also fundamental approaches to the management
and development of industries. The transport industry, which plays an
important role in the global economy, does not remain aloof from these
processes. The introduction of digital technologies into the transport sys-
tem allows not only to increase the efficiency of transportation, but also to
improve their environmental sustainability, safety and speed. In the con-
text of growing global trade flows and requirements for sustainable devel-
opment, the need for digitalization is becoming an integral part of the
strategy of successful transport companies and states.

The impact of the digital economy on the transport industry is mani-
fested through such processes as automation of cargo management,
integration of intelligent transport systems, application of loT technologies
and use of big data to optimize routes and monitor transport. This allows

to significantly increase transparency and control over all stages of logis-
tics chains, as well as minimize the influence of the human factor.

However, digitalization also brings with it a number of challenges,
such as cyber threats, the need to modernize existing infrastructure and
train personnel in new competencies. Research into these aspects will
provide a deeper understanding of how the digital economy influences
the development of the transport industry and how it can be adapted to
new realities.

The term "digital economy" entered scientific circulation relatively re-
cently, in 1995. It was first actively used by the American economist
N. Negroponte, who emphasized the importance of moving the economy
to a new level through the use of information and communication tech-
nologies [1]. The modern understanding of the term "digitalization" in-
cludes a wide range of meanings, but its essential component is not al-
ways fully understood. Digitalization is not just the introduction of the
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latest technologies to increase competitiveness in the market, but a much
deeper process that requires changing the basic approaches to solving
socio-economic problems.

Today, there are many areas of development of the digital economy,
and their goal is the integration of IT technologies into economic process-
es. The key factor in digitalization is consumer orientation, market seg-
mentation and improving the quality of services. Significant changes in
the market can be achieved through information, which is becoming the
main resource, as well as the Internet, which provides unlimited opportu-
nities for the development of economic ties, increased competition and
support for small and medium businesses. Some researchers believe that
the digital economy is an economy expressed in numbers [2]. We believe
that this approach reflects the requirements of the modern era, when
prompt access to data and its analysis become the basis for making eco-
nomic decisions. Thanks to digital technologies, this work is done quickly
and conveniently. Moreover, our daily life today is closely connected to
the Internet: we often use mobile devices not for calls, but for working
with websites and applications.

The Internet is becoming an integral part of people's lives, an in-
creasing number of citizens use online platforms to solve their problems,
since it is convenient and often economically beneficial. However, the
pace of digitalization in various industries is uneven. For example, in such
areas as mechanical engineering or agriculture, digital transformation is
much slower than in trade. This is due to the specifics of the functioning
of these industries, their scale, the complexity of introducing new technol-
ogies, as well as the need for large financial investments and the return
on investment in the development of IT solutions.

The transport industry plays an important role in the structure of the
economy, being a key element of the national economy. Digitalization of
the transport sector is closely linked to the development of the digital
economy at the state level [3]. One of the most obvious examples of the
introduction of digital technologies in the transport sector is the integration
of data between suppliers and users of transport services. This is ex-
pressed in the widespread use of electronic tickets and certificates, which
are becoming a familiar part of life.

The process of digitalization in transport should include the interac-
tion of all stakeholders: science, education, business and government
agencies. Only in the case of close cooperation between these partici-
pants can an effective and modern platform for digital management in the
transport industry be created [4]. The scientific community is already
developing successful strategies and mechanisms for the introduction of
digital technologies in this area. Educational institutions should train high-
ly qualified specialists capable of working in a digital economy. The busi-
ness environment plays a key role in the prompt identification of problems
and obstacles arising on the path of digitalization, which allows them to
be solved in a timely manner and risks to be minimized.

The digital economy is actively influencing many industries, and the
transport industry is no exception. Digitalization provides new opportuni-
ties to optimize processes, increase efficiency, and reduce costs. This
article examines the main aspects of the influence of the digital economy
on the development of the transport industry, as well as the challenges
and prospects it faces in the context of global changes [5].

The digital economy includes the use of information and communica-
tion technologies (ICT) to improve economic processes. In the transport
industry, it helps automate and simplify many aspects, from route plan-
ning to monitoring cargo transportation [6]. The use of Big Data, the In-
ternet of Things (loT), and artificial intelligence (Al) is fundamentally
changing the way transport systems operate.

Automation and optimization of logistics

One of the key benefits of the digital economy for the transport indus-
try is the automation of processes. Modern control systems allow real-
time tracking of the location of vehicles, their load, technical condition,
and environmental conditions. This allows for better route planning, re-
duced downtime, and optimization of supply chains. For example, the use
of cloud platforms allows companies to manage warehouse stocks and
logistics operations more flexibly and efficiently.

Big Data and Analytics

The use of big data in the transport industry significantly improves
decision-making processes. Transport companies can collect and ana-
lyze huge amounts of data on driver behavior, road conditions, weather
conditions, and route congestion. This data is used to forecast demand,
identify bottlenecks in the transport system, and improve road safety.

The Impact of Digitalization on the Efficiency of Transport Sys-
tems. Reducing Costs and Improving Profitability

Automation of processes and the use of digital technologies allow
companies to reduce operating costs. For example, fleet management
systems help optimize the use of vehicles, reduce fuel consumption, and
minimize equipment wear [7]. Thanks to digital platforms, it is possible to
significantly reduce the cost of paper documentation and reduce the
number of human errors.

Increasing the speed of delivery and improving the quality of
services

Digital technologies improve customer interaction processes and pro-
vide transparency in logistics operations. Customers can track the location
of their goods in real time, which increases the level of trust and satisfaction.
Fast order processing and accurate delivery time forecasts are possible
thanks to digital tools, which leads to improved service quality.

Challenges of digitalization in the transport industry. Integration
of systems

One of the key challenges of digitalization in the transport industry is
the integration of various management systems. Companies often use
different platforms to manage logistics, fleets and warehouses, which
creates problems of data compatibility and interaction. Developing unified
standards and platforms remains an important task for the successful
digitalization of the industry.

Digitalization brings not only opportunities, but also risks. With the
growth of digital systems, the threat of cyberattacks and unauthorized
access to confidential data increases. Ensuring the security of transport
systems requires the implementation of modern data protection methods
and reliable encryption mechanisms.

Prospects for the digital transformation of the transport industry

The future of the transport industry is directly linked to the further de-
velopment of the digital economy. The development and implementation
of unmanned vehicles, the use of blockchain technologies to manage
logistics operations and the widespread use of artificial intelligence will
open up new horizons for increasing the efficiency and sustainability of
transport systems.

The digitalization process, as a key trend of technological progress in
the transport industry, has been identified for quite some time. It can be
argued that the introduction of digital technologies in this area began
almost simultaneously with the emergence of the first electronic compu-
ting systems. Over the past years, many different projects have been
implemented, both public and private initiatives (Table 1).

In the context of the active development of the digital economy and
the formation of a knowledge-oriented information society, which is an
important strategic goal, not only in-depth scientific research of risks,
systematization of threats and challenges in the field of information secu-
rity, but also the training of qualified personnel are becoming especially
relevant [8]. To ensure reliable information security, a key role is played
not only by the technical aspects of protecting the information space and
creating a single space of trust, but also by issues of protecting critical
information infrastructure.

The use of modern digital communication technologies has opened
up opportunities for dynamic remote interaction. More and more people
prefer convenient online payments. Mobile payment methods, universal
travel documents and the use of applications for transport services have
significantly increased the number of users [9].

The creation of digital transport corridors, based on a single infor-
mation space of electronic documents containing data on cargo, senders
and recipients, creates conditions for the implementation of Big Data
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analysis technologies and the transition of the transport sector from a
competitive model to a partnership and cooperation model - the main
business model in digital logistics. The use of Big Data technologies al-
lows transport companies to manage traffic more effectively by conduct-
ing a daily analysis of operations. Structured and thoroughly analyzed
data helps to identify new routes and activate unused resources in com-
plex logistics chains. In addition, analytics helps to increase the flexibility
of transport systems, providing the ability to promptly adjust delivery
routes when unexpected difficulties arise. As Maersk Line CEO R. van
Troyen noted, in the Asia-Pacific region, “98 % of all the company’s or-
ders are processed digitally, and 50 % of Maersk’s orders and documen-
tation are processed through my.maerskline.com, where more than
250,000 transactions are made daily, generating revenue of $ 1.5 million
per hour” [10].

Table 1 - Examples of digitalization in the transport sector

Application Area Examples of Impact
Digitalization

Logistics and | Real-time cargo tracking | Increased transpar-

Supply  Chain | platforms (e. g., GPS, loT | ency and control

Management devices) over deliveries
Warehouse  automation | Faster order pro-
using robots and Al cessing,  reduced

errors

"Smart" roads with sen- | Improved infrastruc-

Hfargzteagtu e sors for traffic and road | ture planning and
condition monitoring accident prevention
Mobile apps for route | Convenience  for
planning and ticket pur- | passengers, re-

Urban Transport chases (e.g., public | duced waiting times
transport apps)
Transport  Management | Increased schedule
Systems (TMS) for opti- | accuracy, reduced
mizing public transport | delays
schedules

Autonomous Deployment of autono- | Reduced labor

Vehicles mous cars and trucks costs, enhanced

safety

Electronic Use of electronic wayb_ills Reduced paper-

Documentation (e-CMR) and other digital | work, faster cargo
documents clearance

Bg Data and Uselof big data to analyze Cost  reduction,

Analytics traffic and weather condi- | more efficient route
tions to optimize routes planning
Implementation of cyber- | Protection from

Cybersecurity security systems to pro- | cyberattacks, en-
tect data and transport | hanced system
networks security

Fleet Automated fleet tracking | Optimized  vehicle

Management and maintenance systems | usage, reduced
using loT downtime

Global leaders in the field of transport and logistics services predict

that in the near future, new driverless vehicles will appear on the roads,
which will become a key element of digital logistics. One of the key areas
in this area will be the use of self-driving trucks. According to the Boston
Consulting Group (BCG), the market for ground-based driverless vehicles
may exceed US $ 45 billion by 2025, and its rapid growth is expected.
McKinsey experts believe that by 2025-2027, every third truck on Euro-
pean roads will be equipped with an autonomous driving system.

Autonomous control systems in such trucks include automatic emer-
gency braking, control of oncoming traffic, and maintaining a constant
speed using autopilot. Sensors such as radars and cameras ensure a
safe distance from the vehicle in front, reducing the likelihood of acci-
dents. These innovations will reduce the number of road accidents by
minimizing the risk of human error and will relieve drivers from the need
to spend long periods of time behind the wheel [11].

With the development of technology, digital logistics and transport
are taking on new forms, changing the entire system of cargo transporta-

tion and logistics chains. These changes are profound and affect the
speed, efficiency and safety of logistics processes. The article discusses
the key effects that digitalization brings to logistics and transport.

One of the significant advantages of digital logistics is the ability to
quickly and accurately process large amounts of information. Technolo-
gies such as artificial intelligence and big data allow companies to ana-
lyze and forecast demand, allocate resources and optimize routes in real
time. Due to this, delivery times are reduced, deadlines are more accu-
rate, and fuel and logistics costs are reduced.

Digital logistics helps to better coordinate the actions of all partici-
pants in the transport process, including shippers, carriers, customers
and intermediaries. With the help of cloud platforms and specialized ap-
plications, it has become possible to manage all document flow, track
cargo, place orders and maintain contact with customers online. This
eliminates the costs associated with delays and ineffective communica-
tion, and allows for a more flexible response to changing conditions and
customer requests [12].

Automation and the use of driverless vehicles play an important role
in improving road safety. Modern digital systems such as automatic brak-
ing, lane keeping, driver monitoring, cameras and sensors help to avoid
many accidents. The introduction of driverless truck technologies elimi-
nates the human factor, which often causes errors and accidents. A re-
duction in the number of accidents leads to improved overall safety and
lower insurance costs for companies.

One of the noticeable economic effects of digital logistics is the re-
duction of transport and logistics costs. Digitalization allows for efficient
route planning and the avoidance of empty runs, which reduces fuel con-
sumption and operating costs. Also, the automation of processes such as
warehouse logistics and loading and unloading operations helps to re-
duce labor costs and minimizes the need for manual labor.

Digital transport and logistics contribute to environmental sustainabil-
ity. Route optimization and the use of data for planning reduce carbon
emissions by reducing travel time and fuel consumption. In addition, the
development of driverless and electrified vehicles further reduces the
carbon footprint, making digital logistics more environmentally friendly
and compliant with modern sustainability standards [13].

Digital logistics improves customer service through real-time tracking
of parcels and transparency during the delivery process. Customers can
monitor their order, receive accurate delivery time forecasts, and make
adjustments if necessary. This increases customer trust and satisfaction,
promoting loyalty and retention.

With Big Data and Al technologies, companies can forecast needs
and analyze logistics flows. Analytics can identify bottlenecks, anticipate
potential delays, and plan future deliveries more accurately. This helps
companies optimize inventory, avoid warehouse overflows, and deliver
products on time, which is an important aspect of logistics management.
Digital logistics enables new business models such as resource sharing
and Transport-as-a-Service (TaaS) [14]. These models allow companies
to adapt more flexibly to market changes, use infrastructure as needed,
and reduce capital expenditure. In the context of digital logistics, more
and more companies are moving towards a collaborative model, which
allows for more efficient use of capacity and lower costs. A digital
transport system allows for a quick response to unforeseen circumstanc-
es, such as traffic delays or changing weather conditions. By integrating
data from various sources, companies can change routes in real time and
minimize risks. This is especially important in a globalized world, where
transport chains are becoming longer and more complex, and unforeseen
circumstances can seriously disrupt the delivery plan.

Automation and robotization of traffic flow control, traffic situation
forecasting and support for autopilot systems reduce dependence on the
human factor, minimize errors and improve train traffic management, as
well as their maintenance.

Automation of transport management systems and active involve-
ment of the client in cargo control processes contribute to more efficient
logistics management [15]. Digital platforms aimed at providing logistics
services, including ticket booking, carrier search and selection of optimal
routes, have made a significant contribution to the digitalization of the
transport industry.
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One of the key areas remains the implementation of "smart"
transport, which allows monitoring, management and optimization of
transport systems using advanced technologies.

Digitalization of the transport sector has opened up new prospects
for the efficient management of logistics processes, simplifying and ac-
celerating information exchange, tracking of cargo shipments, and remote
management of operations. The introduction of these technologies has
also helped to significantly improve the efficiency of management pro-
cesses.

The digital economy has a significant impact on the development of
the transport industry, leading to the automation of processes, improved
logistics and higher quality of services. However, successful digitalization
requires overcoming challenges such as system integration and cyberse-
curity. Given technological changes and innovations, the prospects for
digital transformation in the transport industry seem very promising [16].

The digital economy is a radically new approach to economic interac-
tions at the global level, consisting in the deep integration of IT technolo-
gies with economic processes. Among the key areas of implementation of
digital solutions in the automotive industry are the following:

— Firstly, creating conditions for increasing the comfort and effi-
ciency of transport services for consumers.

—  Secondly, organizing a system of regular monitoring and quality con-
trol of the road surface in accordance with the standards of safe operation.

— Thirdly, solving road safety issues through remote monitoring of
compliance with traffic rules by all road users with immediate punishment
of violators.

Investments in infrastructure development, technological competition
and increasing the level of education of the population are the main fac-
tors contributing to the acceleration of the digital transformation of the
country's economy.
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Abstract

Extreme value theory is a theory that deals with situations that are extremely far from the median of a probability distribution. It is often used to
analyze situations with rare probabilities, such as earthquakes and floods that occur once in a hundred years. It is often used in risk management and
reliability research. This article demonstrates some simple applications of extreme value asymptotic probability theory in predicting China's energy risks.
First, the article introduces the main classical results of extreme value asymptotic probability theory, and demonstrates the method of using graphical
methods to construct quantile graphs to calculate energy data, and gives examples of quantile graphs.

The article calculates and analyzes the risks faced by China's major energy consumption and imports and exports in the past decade, and predicts
the development trends of some energy economic indicators in China from 2023 to 2026 through quantile graphs constructed by extreme value
asymptotic probability theory. The results show that the results predicted by the quantile diagram constructed by extreme value asymptotic probability
theory are basically accurate, so extreme value asymptotic probability theory should be more widely used in the field of energy economic forecasting.
At the same time, this article puts forward some suggestions in order to contribute to China's low-carbon sustainable development.

Keywords: energy risk, risk prediction, extreme value asymptotic probability theory, energy statistics.

NPUMEHEHWUE ACUMNTOTUYECKON TEOPUU BEPOATHOCTU 9KCTPEMANbHbIX 3HAYEHWUIA B NPOrHO3MPOBAHUM
QHEPTETUYECKWX PUCKOB KUTAA

T.T. 3opuHa, AH Yxycu

Pechepar

Teopust aKCTpEManbHbIX 3HAYEHWA — 3TO TEOpMs, KOTOpas paccMaTpuUBaEeT CUTyauuu, Ype3BblYaliHO Aanekue OT MeauaHbl pacnpegeneHus
BeposiTHocTe. OHa YacTo MCnonb3yeTcs Ans aHanu3a CUTyauwun C PedKoi BEPOSTHOCTBIO, TakMX Kak 3eMMETPSICEHUS U HABOLHEHWS!, KOTOpbIe
CRyYalTCs pa3s B CTO JET, @ TaKkKe B YNpaBeHUN pUCKaMW 1 UCCMENOBAHUSAX HAZEXHOCTU. B cTaTbe npoLeMOHCTPUPOBaHbI HEKOTOpbIE MPOCTble
BO3MOXHbIE NMPUNOKEHUS aCUMMTOTUYECKON TEOPUM BEPOSTHOCTEN SKCTPEMAITbHbIX 3HAYEHMIA ANs MPOTHO3MPOBAHWS 3HEPrETUYECKMX PUCKOB B KuTae.
MpUBOAATCS OCHOBHbIE KIACCMYECKME pe3ynbTaTbl acHMNTOTUYECKOW TEOpUM SKCTPEMarbHbIX 3HAYEeHW, AEMOHCTPUpYETCS MeToh pacyeTta
SHEPreTNYEeCKNX AaHHbIX C UCMONb30BaHNEM rpacinyecknx CnocoboB NOCTPOEHUS KBAHTUMb-AMArpaMm, NPUBELEHbI MPUMEPbI NOCTPOEHUS rpacuKoB
KBaHTUNEN.

B paboTe paccunTbIBAKOTCS M aHaNM3NUpYOTCS PUCKM, C KOTOPbIMU CTOMKHYNNCh OCHOBHbIE OTpaciu noTpebneHus, UMnopTa W SKkCnopTa aHeprm
B Kutae B nocnegHee AecATUNETWE, U MpU MOMOLLM KBAHTUMb-OMArpaMm MPOTHO3MPYHOTCH TEHAEHLWM Pa3BUTUSI HEKOTOPLIX 3HEPreTUYECKUX W
9KOHOMUYeckux nokasatenen Kutas ¢ 2023 no 2026. Bbicokast TOYHOCTb Pe3ynbTaToB, NOMYYEHHBIX MPY NOMOLUM KBAHTUMb-AMarpamm, NoCTPOEHHbIX
Mo acUMNTOTUYECKON TEOPUN SKCTPEMANbHbLIX 3HAYEHWiA, MO3BONSET CoeNaThb BbIBOA O He0OX0AMMOCTK Bonee LUMPOKOTO MCMONb30BaHUS LAHHOM
TEopun B 06nacTy NporHO3MPOBaHNS 3KOHOMMKW SHEpreTUKU. MpeLoXeHbI HanpaBeHs YyCTONYMBOMO pasBuTus Kintas, HanpaBneHHbIe Ha CHIKEHWE

YPOBHA BbIGDOCOB Yrnekucnoro rasa.

KnioueBble cnoBa: 3Hepremqecn<m7| pUCK, NPOrHo3npoBaHne pucka, acMMNTOTUYEeCKasa Teopusd JKCTPEeMarnbHbIX 3HaYeHuiA, gHepreTnyeckad

CTaTucTuKa.

Introduction

Risk prediction refers to a measure to predict the abnormalities that
may occur in the work process and work results before work, and
formulate countermeasures to prevent accidents.

The current global economic uncertainty is increasing and the
downside risks are relatively large, which may have an unexpected
impact on China's economy, which has a weak foundation for recovery
[1]. China should accelerate the use of policy tools and actively respond
to changes in the external environment. Therefore, making good
predictions on the risks of the low-carbon economy will help the
government to better formulate economic policies, strengthen
international policy coordination, and improve the effectiveness of
policies.

The World Bank’s latest Global Economic Prospects report released
in 2024 predicts that global economic growth will slow for the third
consecutive year, from 2.6 % in 2023 to 2.4 % in 2024, nearly three-
quarters of a percentage point lower than the average level in the
2010s [2]. The report pointed out that this will make 2020-2024 the
slowest five-year growth in the global economy in 30 years.

According to the World Bank's estimates, in 2023, the growth rate in
East Asia and the Pacific will rebound from 3.4 % in 2022 to 5.1 % [2],
mainly due to a brief surge in economic activity after China lifted its
epidemic blockade measures at the beginning of the year.

However, the analysis pointed out that the effect of China’s economic
restart faded quickly: investment growth was dragged down by the
continued weakness of the real estate industry, and the decline in sales
and prices increased the financial pressure on real estate developers; the
export sector faced the challenge of weak external demand. Although
consumption improved at the end of the year, consumer confidence was
still far below the pre-epidemic level.

The World Bank believes that the instability caused by the higher
procyclicality and volatility of fiscal policies will drag down the growth
prospects of commodity exporters in developing economies for a long
time. To this end, the report recommends that these countries take a
series of policy measures to alleviate this drag, including by establishing
a fiscal framework that helps to restrain government spending, adopting a
flexible exchange rate system, and avoiding restrictions on international
capital flows [2].
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Usually, in the prediction of economic policy concepts, economists or
researchers will use time series method, indicator analysis method and
factor analysis method to predict economic trends or investment
trends [3].

Time series method is a prediction method that studies the changing
form of time series by analyzing its components, continuing the past
development trend and extrapolating the future. Its main methods include
moving average method, weighted moving average method, exponential
smoothing method, least square method, etc.

Indicator analysis method is a prediction method that determines the
signs of changes in the economic situation by analyzing the interrelated
indicators or indicator groups that reflect economic changes, studying the
“trend” indicators that predict economic turning points and the “warming”
indicators that predict serious problems in the economy.

Factor analysis method is a method of prediction by establishing an
economic mathematical model with the causal relationship or structural
relationship between the prediction object and the factors that affect it.

In the current commonly used economic forecasting methods,
economic forecasts cannot always be accurate because human will and
activities are involved in the economic process. Its accuracy has a
gradual improvement process. Here we propose a new forecasting
method: combining extreme value theory, using extreme value probability
asymptotic theory to find special application methods to determine and
predict the risks of extreme economic emergencies. In recent years,
extreme value probability theory has made significant progress in theory,
but it has not been promoted in practical applications. The extreme value
distribution model is a very effective tool for studying extreme value
phenomena and extreme value random variables. Therefore, more and
more people are aware of the great potential of extreme value theory in
the application of extreme events. It is particularly pointed out that
extreme value theory is a theory that simulates the tail of data distribution,
so it can be applied to the prediction of extreme value data.

Research History

Extreme value theory is an important branch of order statistics, which
mainly studies the extreme value distribution and its characteristics,
especially the terminal characteristics of the distribution. Its research
methods and scope have undergone great changes.

In the early stage, extreme values only studied what kind of
distribution the maximum and minimum values in a series of independent
and identically distributed random variables should obey. Fisher-tippett
LHC (1928) published the first theoretical article on extreme value limits,
and gave the Fisher-tippett theorem, which shows that the distribution of
the maximum or minimum value of the sample converges to one of the
three distributions when the sample size tends to infinity. His research
method greatly simplified the study of the value limit properties, and
divided a variety of distribution functions into three relatively simple
categories according to the fail properties, thus establishing the
foundation of this theory [4].

B. V. Gnedenko (1943) gave the first rigorous mathematical proof of
the Fisher-tippett theorem. In 1950, British statisticians mainly carried out
research on generalized extreme value distribution, which showed three
types of extreme value distribution in one form, making parameter
estimation simple, because it was no longer necessary to select one
model from three models, thus avoiding the cumbersome procedures [5].
Gumbei (1960) applied extreme value theory to specific statistical
problems and proposed a statistical method now called block method,
which is to divide the data into many intervals according to a
predetermined length, and then select a maximum or minimum value
from each interval for modeling. However, selecting only extreme values
from a large amount of data will lose the information contained in other
large amounts of data [5].

Pickands (1971) proposed a new extreme value research method,
that is, a method of selecting data above a certain limit for analysis, called
POT method. The limiting form of its distribution function tends to
generalized Pareto distribution (GPD). His work deepened the
understanding of the concept of extreme value and its inherent meaning,
that is, not only the maximum and minimum values are called extreme
values, but also data above a certain limit should be extreme values, so
they all need to be studied [6].

Research status

Since energy plays a very important role in economic growth and so-
cial development, China has always attached great importance to energy
security and risk prediction. With the changes in the internal and external
environment of China's economic development and the initial elimination
of the risks of the COVID-19 pandemic, quantitative research on energy
security assessment has increased in recent years.

Most traditional energy risk prediction methods adopt an indicator
evaluation model. According to the number of indicators required for
evaluation, it can be divided into single indicator evaluation and multi-
indicator evaluation [7]. Single indicator evaluation can directly show the
core part of the research problem, but it may not be accurate or objective
when facing complex systems. Multi-indicator evaluation can fully reflect
the characteristics of the research object, but it is too complicated and
may also lead to different results due to different subjects and weight
distribution.

At the same time, most of the research on energy risk prediction fo-
cuses on the operation of power equipment or the evaluation of energy
system operation [1]. In view of the huge and complex energy data, China
currently does not have a better prediction method.

From a statistical point of view, extreme values refer to the maximum
and minimum values of a random process in a certain period, usually
located at the tail of the data distribution. Extreme value distribution refers
to the probability distribution of the maximum or minimum values in the
observed values. Based on the tail characteristics of the distribution,
possible extreme value movements can be further predicted. In other
words, extreme value theory is a model technology used to predict the
risks of abnormal phenomena or low-probability events. It has the ability
to estimate beyond sample data and can accurately describe the quan-
tiles of the tail of the distribution.

Regarding the application of extreme value theory in prediction, the
current research of domestic and foreign scholars focuses on the use of
extreme value asymptotic distribution probability theory to predict natural
disasters. Wang Bojun et al. used four calculation methods to predict
climate extremes and precipitation probabilities [8]; Zhang Youming et al.
calculated the recurrence cycle of corresponding earthquakes and the
number and probability of corresponding earthquakes that may occur in a
certain period of time in the future based on the modified extreme value
theory statistics [9]; Bykob also used extreme value asymptotic distribu-
tion theory to calculate forest fire cycles and predict risks [10]. Deng
Wenping et al. chose to use extreme value theory based on actual forest
stand data and adopted the generalized Pareto model to obtain the max-
imum number of trees in the forest stand at each given diameter class
[11]. Song Xiaomeng et al. analyzed the probability statistical characteris-
tics of extreme precipitation in Beijing based on extreme value theory and
explored the applicability of different extreme value distributions in the
study of extreme precipitation in Beijing [12].

This paper will use extreme value asymptotic probability theory to pre-
dict a series of Chinese energy indicators and try to prove its rationality.

Extreme value asymptotic probability theory

The Fisher-Tippett theorem (1928) is the core of extreme value theo-
ry, which mainly explains the convergence properties of extreme value
distributions [13].

There exist two real number sequences {an } and {Bn } (where an > 0),

X —
such that lim P(M < XJ =H(X)XxeR),
n—oo (04

where H(x) is a non-degenerate distribution function, then H(x) is one of
the following three types of extreme value distribution functions:
¢ >0, its distribution function is

: op(-x*) x>0
¢ =0, its distribution function is:

Alx)=exp[-exp(-x)} xeR, @

n

(1)
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¢ <0, its distribution function is

¢
e —(—
¥, (x)= Xf[x(z)(()) ] x<0. 3)

This theorem describes that no matter what form the original distribu-
tion function F(x) takes, the sample maximum after linear transformation
converges to a random variable with one of the above three distribution
functions according to probability. Therefore, this theorem occupies a
core position in the extreme value theory system and provides a solid
foundation for further research [14].

Among them, (1) is collectively called Gumbel distribution, (2) is col-
lectively called Frechet distribution, and (3) is collectively called Weibull
distribution [15]. These three distributions are collectively called extreme
value distribution. The extreme value type theorem states that if M, un-

exp{— (1+§%)‘i“}§ #01+¢&

H, . .(x)= . .
exp{_exp(_T‘uJ}g =0,-00<Xx<<+00

Among them, -« < y < « s the location parameter, ¢ > 0 is the
scale parameter, and -« < ¢ < « s the shape parameter. The tail behav-
ior of the distribution function F(x) of the data X; determines the shape
parameter ¢ of the generalized extreme value distribution H(x). If the tail
of F(x) decays exponentially, then H(x) is of Gumble type and ¢ = 0. The
Gumble family includes thin-tailed distributions such as normal distribu-
tion, lognormal distribution, exponential distribution and Gamma distribu-
tion; if the tail of F(x) decays with a power function, then H(x) is of Frechet
type and &> 0, and the Frechet family includes heavy-tailed distributions
such as Pareto distribution, Cauchy distribution, and Student-t distribu-
tion; if the tail of F(x) is finite, then H(x) is of Weibull type and ¢ < 0, and
the Weibull family includes uniform distribution, B-distribution, etc.

In sampling distribution theory, the normal population is a population
that is often used in practice and is widely used. Compared with the nor-
mal population, when the population is non-normal or the distribution of
the population is unknown, it is very difficult to require the precise distri-
bution of the sampling distribution, or the derivation is too complicated
and difficult to apply.

However, when the population is an arbitrary distribution or the distribu-
tion is unknown, the asymptotic distribution of some statistics can be ob-
tained using the large sample method. These methods have a generaliza-
ble significance. As long as a suitable function can be constructed, more
sampling distributions can be obtained for further statistical inference.

Here is an example of the application of extreme value distribution
theory in exploring the prediction of wind speed in Chongging, China:
Researchers used short-term wind speed data from Shapingba District,
Chonggqing from 1990 to 1999 to conduct extreme value distribution anal-
ysis of the annual maximum wind speed [3]. Firstly, the extreme value
type | (Gumbel), extreme value type Il (Frechet) and extreme value type
Il (Weibull) distributions were used to fit the extreme value distribution of
the annual maximum wind speed. Then, the maximum wind speeds of
each month from 1990 to 1994 were selected as samples, and the sam-
ple size was expanded to 60 to fit the asymptotic distribution of the
monthly extreme value of the maximum wind speed. The parameters of
the three extreme value distribution functions were estimated according
to the principle of least squares method, moment method and variable
substitution method. The fitting effect of the distribution function of the
annual maximum wind speed under short-term wind speed data and the
asymptotic distribution function of the monthly extreme value was com-
pared through the parameter estimation goodness index. A better ex-
treme value distribution function was selected from the 4 groups of 12
distribution functions as the extreme value distribution function of the
annual maximum wind speed. Finally, the optimal asymptotic distribution

dergoes a linear transformation, the corresponding normalized variable
Mn* = (Mn— bn) / an converges to a non-degenerate distribution according
to the distribution. Then, no matter what form the underlying distribution
F(x) takes, this limiting distribution must belong to one of the three types
of extreme value distribution. Therefore, the extreme value type theorem
provides an extreme value convergence theorem similar to the central
limit theorem.

One practical difficulty of the one-dimensional extreme value distribu-
tion model is that we cannot directly determine which of the three distribu-
tion types the extreme value data obtained belongs to. In order to facili-
tate statistical inference, the generalized extreme value distribution (GEV)
proposed by Uon Mrses (1954) and Jenkinson (1955) is an approximate
distribution of extreme values [16-18].

The generalized extreme value distribution function is:

X_

H~o
O

of the extreme value of the annual maximum wind speed in Chongging
under short-term wind speed data was obtained by comparing and ana-
lyzing the parameter estimation index and wind speed estimation results
with GPD.

Finally, the extreme value type Il (Weibull) distribution gave the best
fitting goodness of fit and extreme wind speed estimation value. For are-
as lacking long-term wind speed observation data, researchers used
limited short-term data to analyze the monthly maximum wind speed to fit
the asymptotic distribution of wind speed extremes in the area, which was
significantly better than using annual maximum wind speed records. In a
sense, the increase in sample size reduces sampling errors.

The extreme values of energy-related economic factors are unstable
in the mathematical sense as random variables, but their changes over
time are stable in probability. Therefore, the distribution of extreme values
of energy-related economic factors can be simulated by distribution func-
tions, thus providing a theoretical basis and data reference for the predic-
tion of the probability of extreme events.

In this context, we have compiled and integrated some indicators,
built a database based on China’s energy data from 2013 to 2021 or
2022, tried to use extreme value theory to predict the extreme value dis-
tribution of China's energy factors, and look forward to making some
suggestions for the construction of low-carbon energy policies.

We constructed six indicators and attempted to predict China's future
energy development by applying extreme value asymptotic probability
theory to these indicators (Table 1).

Combining extreme value theory and extreme value asymptotic dis-
tribution theory, we use the following algorithm to process the data:

1. First, we list a part of China’s processed energy data from 2013 to
2021 (X1, Xz, ...X9) (Table 2).

2. Second, we sort the values in ascending order (X1* <X2*<...<
< Xn*) to get a new data string (Table 3).

3. Based on the statistics of the variant sequences, we will build a
graph and add a trend line that most accurately characterizes the variant
sequences (Figure 1).

4. We use the obtained function to calculate the value of x1o to use it
in predicting the series.

x10 = 16.308. (5)
5. Calculate initial data and build a quantile plot based on that data
(Table 4 and Figure 2).

Based on the relationship between the two sets of data, a quantile
graph is constructed using a coordinate system:

(—In(—ln(r%rl),ln(xi)j. 8)
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Table 1 — China Energy Indicators [19, 20]

Indicator values by year (2023-2025 - forecast)

Indicators
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
;{-Essh%/roe of | 10,535 | 11203 | 12.086 | 13.834 | 14425 | 14.845 | 15.395 | 15.799 | 16.182 | 16.308 | 16.343 | 16.253 | 16.036
2. Share of
local unRES*, | 4.613 | 4561 | 4517 | 4745 | 4755 | 4606 | 4460 | 4390 | 4293 | 4245 | 4171 | 4.094 | 4.014
%
3. Energy in-
dependence
(Ratio of ener-
gy imports to 0293 | 0294 | 0284 | 0327 | 035 | 0379 | 0401 | 0412 | 0391 | 0430 | 0444 | 0458 | 0470
total  energy
consumption)
4. Energy
transformation | 73.0 73.1 73.4 735 73.0 72.8 73.3 73.7 73.2 73.2 73.8 73.9 74.0
efficiency, %
5. Ratio of
urban and rural
per capita | 1.067 | 0981 | 0915 | 0893 | 0885 | 0901 | 0855 | 0.820 | 0.851 | 0.807 | 0.831 | 0.840 | 0.854
energy  con-
sumption
6. Coal's share
of total energy
consumption, 713 70.0 68.1 66.8 65.3 63.9 62.8 62.2 61.8 61.3 61.0 60.9 60.9
%
*Local unRES means biomass energy, such as wood, crops, and municipal solid waste.
Table 2 — Share of renewable resources in China (2013-2021)
2013 2014 2015 2016 2017 2018 2019 2020 2021
Ratio 10.535 11.293 12.086 13.834 14.425 14.845 15.395 15.799 16.182
Table 3 — New data string in ascending order
1 2 3 4 5 6 7 8 9
Ratio 10.535 11.293 12.086 13.834 14.425 14.845 15.395 15.799 16.182
18
16 | ssesemeesnenneee
v
TP T R RS
y =-0,063x% + 1,3585x + 9,0228
10 R?=0,9858
8
6
4
2
0
0 2 6 8 10 12
Figure 1 — Input data for predicting X1o
Table 4 - Initial data
1 2 3 4 5 6 7 8 9
AIn(In(il(n+1))) -0.83 -0.48 -0.19 0.09 0.37 0.67 1.03 1.50 2.25
Inx 2.35 242 249 2.63 2.67 2.70 2.73 2.76 278
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2 y =0,1447x + 2,5449
R?=0,843

0,5

1 1,5 2 2,5

Figure 2 — Quantile chart of “share of renewable energy sources in China”

Table 5 — Maximum, minimum and average values of China’s energy
indicators from 2023 to 2026

Indicators 2023 2024 | 2025 2026
Maximum | 19.735 | 19.742 | 19.638 | 19.458
nAcalor T Vinimum | 11422 | 11.377 | 11,630 | 11.861
average 15.428 | 15.560 | 15.634 | 15.660
Maximum | 4.798 | 4799 | 4.800 | 4.803
Indicator 2 Minimum | 4109 | 4.035 | 3.958 | 3.878
average | 4454 | 4417 | 4379 | 4.340
Maximum | 0.506 | 0.523 | 0.540 | 0.555
Indicator 3 Minimum | 0.280 | 0.283 | 0.286 | 0.290
average | 0.393 | 0403 | 0.413 | 0422
Maximum | 73.876 | 74.016 | 74.141 | 74.266
Indicator 4 Minimum | 72.802 | 72.792 | 72.796 | 72.801
average | 73.339 | 73.404 | 73.468 | 73.533
Maximum | 1.011 | 0.995 | 0.980 | 0.965
Indicator 5 Minimum | 0.740 | 0.746 | 0.755 | 0.768
average | 0.875 | 0.871 | 0.868 | 0.867
Maximum | 70.748 | 70.287 | 69.810 | 69.333
Indicator 6 Minimum | 57.565 | 57.283 | 57.149 | 57.129
average 64.157 | 63.785 | 63.480 | 63.231
1. Constructing the equation, we get:
Lnx = 0.1447y+2.5449. (7)

2. By using the coefficient b and the constant a of the above equa-

tion, calculate the values of a and 8 and continue to build the indicator:

a=exp(-a); = 1/b,
a=0.078; B=~6.911. (8)

Then for the distribution law of the indicator “share of renewable en-
ergy sources in China”, we get the following equation:

F(x) = exp[(-0.078x)8.911], 9)
3. Calculate the maximum and minimum values of the indicator:
Xmin= eXp[b (-In(-In0,05))+a] = 10.871;
Xmax = exp[b (-In(-n0,95))+a] = 19.583. (10)
By repeating similar calculations for other data, we obtain the maxi-

mum, minimum and average values predicted for these data in the next
three years.

Conclusions

Through calculation, we can conclude that extreme value asymptotic
probability theory has a strong correlation with predicting China's energy-
related indicators, and can be used as a means of predicting China’s
energy risks.

The calculation results tell us that in 2024-2026, the change range of
the corresponding energy indicators is not large, which means that Chi-
na's energy development level will remain within a stable range in the
short term.

However, although the Chinese economy has shown a certain de-
gree of resilience and good development momentum in the past decade,
the economic growth momentum is insufficient. The current global econ-
omy is still facing various uncertainties and large downside risks, so Chi-
na needs to focus on the following aspects:

After the epidemic, developing economies will be hit harder than the
economies of developed countries, as sluggish global trade and tighten-
ing financial conditions have seriously dragged down economic growth.

The current “multiple crises” in geopolitics, public health, environment
and economy have begun to affect the world’s energy trade policy. Some
countries are increasingly banning the trade of strategic energy commodi-
ties and services on the grounds of “security risks”. In addition, global
trade is being realigned along geopolitical lines, especially in the wake of
the Ukrainian crisis.

Suggestions and advises

Due to the increase in global economic uncertainty and the large
downside risks, China’s post-epidemic energy economy may have an
unexpected impact. Therefore, China should accelerate the use of policy
tools and actively respond to changes in the external market. Specifically,
the following measures can be considered.
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First, strengthen international coordination of energy policies and im-
prove policy effectiveness. Under the current circumstances, China
should enhance its ability to deal with energy import and export risks,
specifically by strengthening energy policy coordination and improving
energy transaction efficiency and coverage under the multilateral frame-
work. Through international coordination of energy policies, trade barriers
can be reduced, cross-border investment can be promoted, and inflation
can be reduced from the source.

Second, increase the exchange rate flexibility of the RMB in energy
trade. The Chinese government should play the role of the exchange rate
as an automatic balancer for the balance of payments and attract foreign
capital inflows to ensure energy security. This requires the Chinese gov-
ernment to promote the alignment of domestic market rules and systems
with international standards, thereby improving credit ratings and ensur-
ing the level of domestic energy resource management.

Finally, the government should introduce policies to ensure energy
security. China should strengthen the energy safety net and deal with
energy risks in a market-oriented and legal manner. This requires the
government to strengthen the review and management of cross-border
capital flows and maintain the stability of domestic and foreign energy
markets through positive actions and communication.
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Abstract

Theoretical and methodological approaches to ensuring sustainable innovative development are the basis for ensuring the economic security of
the country. Many years of experience in industrially developed countries indicate a significant positive impact of innovative development of national
economic systems on the sustainability and efficiency of national economic development, its competitiveness, determines economic growth, and,
consequently, affects national economic security.

The specificity of innovative development in Belarus is expressed in a fairly low innovative activity of economic entities, which causes destructive
shifts towards material-intensive industries and creates threats to the economic security of the country.

The task of studying the impact of innovative development on the level of economic security of the country, as well as identifying ways to stimulate
innovative development, is relevant and important. The aggravation of international conflicts and the growth of economic instability in the world
emphasizes the scientific significance of the study. Innovative development strengthens the economic security of national economic systems, increases
the competitiveness of the state, which ensures the sovereignty and independence of its socio-economic development, as well as the protection of
national interests in the event of both external and internal threats to economic security. In real time, the main aspects of economic security of the
national economic system occupy an important place in world economic science, which determines the interest and relevance of studying economic
security issues on the part of scientists from different countries.

The purpose of the scientific article is a theoretical and methodological analysis of the role of innovative development of Belarus in ensuring its
economic security. The basis of the study was the work of Belarusian and foreign scientists in the field of economic security of the state.

Keywords: security, economic security, innovation, innovative development, competition, competitive relations, competitive environment,
competitive struggle, national economic systems.

TEOPETUKO-METOAOJIOrMHYECKWUE NOAXOAbI K OBECNEYEHUIO YCTOWYMBOIO UHHOBALIMOHHOIO PA3BUTUSA
B KOHTEKCTE 9KOHOMWYECKOW BE3OMNACHOCTU PECMNYBINKU BENIAPYCb

H. M. YeTbipbok

Pecpepar

TeopeTuko-MeToLoNorMyeckne noaxoabl k 0GECneyeHmio YCTOMUMBOTO MHHOBALIMOHHOTO PasBUTUS SBMSIIOTCS OCHOBO B BOMPOCe 0becneyeHus
9KOHOMWYeCKo 6e30MacHOCTU cTpaHbl. MHOTONETHMIA OMbIT MHAYCTPUANBHO Pa3BUTLIX CTPaH CBUAETENLCTBYET O CYLLECTBEHHOM MONOXUTENBHOM
BMUSHAN WHHOBALMOHHOTO Pa3BUTUSI HALMOHAMbHBIX XO3SMCTBEHHBIX CUCTEM Ha YCTOMYMBOCTb UM 3(PGEKTUBHOCTL PasBUTUS  HaLMOHAMBHOI
9KOHOMMKM, Ha €€ KOHKypeHTOCMOCOOHOCTb, OnpenensieT 3KOHOMWYECKMA POCT M CNeACTBEHHO BIMSET Ha oOecrneyeHue HauMoHarbHOM
3KOHOMMYECKoN Be30MaCHOCTH.

Cneuudmka MHHOBALMOHHOTO pa3BuTMs benapycy BbipaxaeTcs B 4OCTATOMHO HWU3KOW MHHOBALMOHHOW AKTUBHOCTW XO3SIACTBEHHBIX CYOBLEKTOB,
UTO BbI3bIBAET [ECTPYKTVBHbIE COBUMW B CTOPOHY MaTepuanoemKkux OTpacnei M co3gaeT yrposbl Ans 9KOHOMUYeckoid 6e30macHOCTU CTpaHbl.
AKTyanbHbIM 1 BaxXHbIM SBASIETCS 3aja4a MCCnefoBaHUs BMUSHUS MHHOBALMOHHOMO PasBUTUS HA YPOBEHb 3KOHOMUYECKOM 6E30MacHOCTU CTpaHsbl,
aTakKke BbISIBNEHME NyTEM CTUMYNMPOBAHWUS MHHOBALMOHHOMO passutus. OBOCTpEHMEe MEeXAYHAPOAHbIX KOH(MMKTOB M POCT SKOHOMUYECKOM
HeCTabuIbHOCTU B MUPE NOAYEPKMBAET HAYYHYHO 3HAUMMOCTb UCCE0BaHUS.

/IHHOBaLMOHHOE ~ pa3BUTME  yCUNMBAET — 3KOHOMMYeckyld  6e30MacHOCTb  HALMOHANbHbIX — XO3SIACTBEHHBIX — CUCTEM,  YBENMYMBAET
KOHKYPEHTOCNOCOBHOCTb rocyaapcTea, YTo 00ecneynBaeT CyBEPEHNTET U HE3ABUCUMOCTb Er0 COLMANbHO-3KOHOMUYECKOTO Pa3BuTHS, a Takke 3aluuTy
HaLMOHaMNbHbIX WHTEPECOB MPW BO3HWKHOBEHWW KaK BHELUHWX, Tak M BHYTPEHHUX Yrpo3 3KOHOMWYeckon BesomacHOCTW. B peanbHOM BpemeHu
OCHOBHbIE aCrneKTbl 9KOHOMMYECKO Be30MacHOCTM HaLMOHANbHOM XO3ANCTBEHHOM CUCTEMbI 3aHUMAOT BaXHOE MECTO B MMPOBOW 3KOHOMUYECKO
Hayke, 4To 1 06yCnaBnMBaeT UHTEPEC W aKTYanbHOCTb U3yYEHUS BOMPOCOB 3KOHOMMYECKON 6E30MACHOCTM CO CTOPOHbI YYEHbIX Pa3HbIX CTPaH.

Llenblo Hay4Ho CTaTby ABMSIETCS TEOPETUKO-METOAONONMYECKIUIA aHaM3 ponu MHHOBALMOHHOIO passuTus benapycy B obnactu obecneveHus ee
3KOHOMMYECKOM Be30macHOCTW. B 0CHOBe MCCNeaoBaHUs MCMONb3oBanuck paboTtbl 6enopycckux 1 3apybexHbIX yYeHbIX B 00acTi SKOHOMMYECKOM
6e30nacHoCTH rocyaapcTaa.

KnioueBble cnoBa: 6e3onacHOCTb, 3KOHOMUYeckasi 6Ge3onacHoCTb, WHHOBaLUWW, WHHOBALWOHHOE pasBUTUE, KOHKYPEHUMA, KOHKYPEHTHble
OTHOLLIEHWs, KOHKYpeHTHaa cpefa, KOHKYpeHTHaa 60pb63, HalWOHanbHble 3KOHOMUYeCKe CUCTEMbI.

Introduction

Economic security is one of the most important components of the na-
tional security of the state. At the same time, the term "economic security" is
an integral part of the concept of "national security". The concept of eco-
nomic security arose in the twentieth century. The concept of economic
security was introduced by the US President T. Roosevelt in 1934 by creat-
ing the Federal Committee for Economic Security. Since then, the term
national security and issues of economic security have been considered in

interconnection. Each country defines the criteria of economic security in its
own way, but some indicators are common to many countries. But in gen-
eral, the following indicators determine economic security: the size of the
public debt; competitiveness of the economy; food security; structure of
foreign trade; stability of the financial system; the level of state support for
the country's innovative potential; social stability of the state; sovereignty of
the state. Let us consider how innovative development determines econom-
ic security. And what is the situation in the Republic of Belarus.
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The main part

Innovation activity, in its most general form, can be defined as an activity
aimed at creating, implementing, and using innovations. For the purpose of
comparative analysis, let's consider how other authors define its content.

One approach defines innovation activity as a way of applying new
knowledge to generate profit [1, p. 49]. However, most often, the concept
of innovation activity is formulated within the framework of

|

research

Science Knowledge

N

formalization

L. M. Gokhberg's definition, where innovative activity is interpreted as an
activity related to the transformation of ideas (usually the results of scien-
tific research and development or other scientific and technical achieve-
ments) into technologically new or improved products or services intro-
duced in the market, as well as into new or improved technological pro-
cesses or methods of production (transfer) of services used in practice [2,
p. 46]. Let's look at this process in Figure 1.

-ﬁ[ Innovations ]

materialization

Information

Figure 1 — The scheme of transformation of knowledge into a commodity [3, p. 15]

That is, according to the terminology used in Figure 1, this is the pro-
cess of materializing abstract knowledge formalized in scientific and
technical products. In a broad sense, this can be attributed to the produc-
tion phase of the innovation cycle, and in a narrow sense, to the auxiliary
activities of innovative service enterprises (business accelerators). At the
same time, it should be understood that with this approach, the research
and development phase is excluded from innovation activities, which is
no longer acceptable.

However, many Russian scientists (Yu. P. Morozov, V. D. Gribov,
A. V. Surin, O. P. Molchanova) and Belarusian scientists (M. V. Miasniko-
vich, N. B. Antonova, etc.) adhere to a similar point of view [4, p. 95; 5,
p. 72; 6, p. 35; 7, p. 29].

Not all of them share this view, though. In this context, the position of
the Russian researcher T. F. Berestova appears quite adequate. She be-
lieves that: "Innovative activity is an activity that includes the entire cycle,
from the origin of an idea, its technological elaboration, and documentation,
up to the necessary commercial procedures to enter the market as a prod-
uct in the form of a product, service, or technology" [8, p. 74].

Here, our views converge not only with T. F. Berestova, but also with
the opinion of the Organization for Economic Cooperation and Develop-
ment, as well as the European Statistical Office, which, since 2005, have

argued that "innovation encompasses all scientific, technological, organiza-
tional, financial, and commercial actions and measures, including invest-
ments in new knowledge, that lead to the implementation of innovations.
They also include fundamental research, which by definition is not directly
related to the development of any particular innovation" [9, p. 61, 62].

It is obvious that the unanimity of opinions expressed by the above-
mentioned authors was due, firstly, to the authority of the publication led
by L. M. Gokhberg, and secondly, to the habit of using stereotypical
judgments on difficult-to-perceive issues that one does not want to delve
deeply into. As a result, there is a lack of one's own reasoned opinion on
these matters, the formation of which is possible only in the case of pos-
sessing the methodology of scientific knowledge.

Turning to the concept of innovation, it is necessary to draw the fol-
lowing conclusion a priori: If we consider innovation activity as an activity
aimed at creating, implementing, and using innovations, then these inno-
vations should be formed at each stage of the innovation cycle (Figure 2).
They transition sequentially from a scientific idea (know-how) into the
results of scientific research, design documentation for the production of
a new product, then into its prototype, an experimental batch, and finally
into finished products intended for the end user. All of these will be inno-
vations that have a commodity form ready for implementation.

PHASES OF THE INNOVATION CYCLE

A

Scientific Manufacturing Operational
g \""Illll..‘ — \/
2 % N
P *
] : \
o -

*
qus® “. \ )
STAGES OF THE INNOVATION CYCLE T
H1, H2, H3, H4
P1, P2, P3, P4
E1, E2, E3, E4

Figure 2 — A model of the innovation cycle

Let's consider the existing judgments on the content of the concept of
'innovation." Given the vast number of definitions attributed to this con-
cept, we will conduct a brief analysis of literary sources, highlighting the
most characteristic approaches available within them.

Where:
the scientific phase includes fundamental research (H1), ap-
plied research (H2), experimental design (H3), and the creation of sam-
ples of new products and processes (H4);

the production phase consists of technological preparation of
production and initial development of innovations in the production pro-
cess (P1), expansion of production (P2), stabilization of production (P3),
and stagnation of production (P4);

the operational phase involves the primary use of innovation
by the consumer (E1), expansion of consumption (E2), mass use (E3),
and consistent decommissioning due to the inconsistency of product
characteristics with changed market requirements (E4).
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Considering the definition of innovation in the most common sources,
it is worth highlighting three formulations of this concept, each of which
conflicts with the laws of logic [10]:

Innovation is a new product introduced into use...

Innovation is the result of investing...

Innovation is the process of creating an innovation...

In the first variant, two main phases are excluded from the innovation
cycle at once: scientific and industrial, which renders its definition impossi-
ble. At the same time, the authors do not seem to be interested in the ques-
tion of the correlation of concepts within the innovation sphere; therefore, in
the same scientific papers, they may make contradictory statements.

In the second variant, a typical substitution of concepts occurs, where
one of the indirect components of innovation (financing) is automatically
elevated not only to the rank of determining factor but also as the only fac-
tor, thereby ignoring the very essence of the innovation process.

As for the third definition, innovation is not a process. There is a sepa-
rate concept in the innovation sphere, objectively defined as the 'innovation
process,' which does not depend on the opinion of an individual author.

In our opinion, there is no need to invent something new if we can
use a simple and clear translation of this basic concept from the original
language into Russian, and only then clarify the definitions derived from
it. In Latin, 'innovatio' means renewal or change, and innovation is trans-
lated as 'mHHOBaLUms' (innovation). Similarly, the translation of the concept
of innovation (from Latin 'novatio’' — update, change) is the same, effec-
tively putting a sign of identity between them [11, 12].

It would seem that everything is extremely transparent. But again,
this is not the case for everyone. Some 'researchers' believe that 'innova-
tion' and 'mHHOBaums' are not synonymous [13]. As a result of such lin-
guistic refinements, synonymous concepts are given different semantic
meanings. According to [14, p. 159], 'innovation' is interpreted as a new
method or invention, 'mHHOBauus' as an innovation used, and
'HoBoBBefieHMe' as a propagated innovation. Consequently, essentially
different stages of the innovation cycle are defined by terms that are
adequate in content.

Such pseudo-creative methods of terminological research introduce
confusion into the conceptual apparatus of the innovation sphere without
providing any practical value.

In conclusion, it should be noted that the definition of any concept
should be both comprehensive and universal, while avoiding two or more
interpretations. In our opinion, such requirements regarding innovation are
met by the definition provided in the Encyclopedia of the Republic of Bela-
rus, which states that innovation is 'the result of intellectual activity aimed at
ensuring progress in the development of the economy and society' [15].

Among the components of the process of innovative development, a
special role is assigned to state innovation policy (GIP), which includes a
system of control actions aimed at stimulating innovation and forming a
national innovation system. This national innovation system determines
the structure of the innovation sphere within the GIP, utilizing its elements
to address tasks related to the implementation of innovative activities.
The central link of the national innovation system is science; therefore,
the motivation and stimulation of intellectual labor should be prioritized in
state innovation policy [16, p. 3; 17, p. 94].

To understand the general state of innovative development, we will
consider the main indicators and Belarus's position in the world ranking of
innovative development.

The most common system for assessing the level of innovative de-
velopment is the Global Innovation Index (Gll) [18, 19].

The Global Innovation Index (Gll) analyzes the most relevant global
trends in innovation. This report provides a ranking of the effectiveness of
innovation ecosystems in countries around the world, highlighting
strengths and weaknesses in terms of innovation, as well as specific gaps
in innovation indicators. The index, designed to provide the most com-
prehensive picture possible in the field of innovation, covers approximate-
ly 80 indicators, including those related to the political situation, education
systems, infrastructure, and knowledge creation in each country.

The Global Innovation Index (GII) is compiled annually by the World In-
tellectual Property Organization (WIPO). The index ranks 132 economies
based on 80 indicators that characterize the innovative development of
countries, reflecting their innovative potential and the conditions for its im-

plementation. Therefore, the index is calculated as a weighted sum of esti-
mates from two groups of indicators: available resources (institutions, hu-
man capital and science, infrastructure, and the level of market and busi-
ness development) and conditions for innovation (technology development
and the knowledge economy, as well as the resullts of creative activity).

The dynamics of this index for the Republic of Belarus and its posi-
tion in the country ranking for the available period of analysis, according
to the Gll, is shown in Figure 3.

100 88 86
0 77 79 77 80

80 72
70 58 64.---52
53 /¥ =0,6545x + 68,436

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Figure 3 — Dynamics of the Global Innovation Development Index of
the Republic of Belarus, points

At the same time, the report on the GlI of Belarus [19] notes that the
availability of data and changes in the structure of the GIl model affect the
comparison of Gll rankings from year to year.

In 2023, as in 2022, Switzerland, the USA, and Sweden remained
the leaders of the ranking. They are followed by the United Kingdom,
Singapore, Finland, the Netherlands, Germany, Denmark, and South
Korea. Among the post-Soviet countries, Estonia (16th place), Lithuania
(34th), and Latvia (37th) achieved the best results. Ukraine is significantly
behind in 55th place, followed by Moldova in 60th, Georgia in 65th, Ar-
menia in 72nd, Kazakhstan in 81st, Uzbekistan in 82nd, Azerbaijan in
89th, Kyrgyzstan in 106th, and Tajikistan in 111th. Russia, having
dropped four places, ranked 51st, placing it below all other countries in
the "old" BRICS, except for South Africa (59th place). Thus, China ranks
12th, India 40th, and Brazil 49th. Burundi, Niger, and Angola complete
the ranking.

In the new ranking, Belarus dropped from 77th to 80th place, posi-
tioned between Tunisia and Kazakhstan. In 2023, the Global Innovation
Index was 26.8 (80th place in the ranking). The statistical confidence
interval for Belarus's rating in the GIl 2021 is between 49th and 67th
ranks. The maximum value of the Global Innovation Index (38.2) was
achieved by the Republic of Belarus in 2015; at that time, the highest
position in the country ranking for this index was observed during the
analysis period. The minimum value — 29.4 — was recorded in 2017 (88th
place). The general trend in the dynamics of the Global Innovation Index
for Belarus is negative, indicating a deterioration in innovative develop-
ment during the period from 2013 to 2023.

The GlI consists of two sub-indices: the Innovation Input Sub-index
and the Innovation Output Sub-index, as well as seven main components,
each of which consists of three sub-indices. The position of Belarus in the
ranking of countries worldwide by GIl components in 2021 [18] and 2023
[19] is shown in Figure 4.

Sixteen of the GlI leaders in the top 25 are European countries, with
seven of them in the top 10. Belarus ranks 15th among 34 countries with
above-average income and 36th among 39 European economies [19].
Belarus demonstrates the best results in the fields of knowledge and
technology, as well as human capital, while its weakest indicators are in
market development and institution building. In relation to GDP, Belarus's
indicators align with expectations regarding its level of development. It is
noted that Belarus produces more innovative products compared to its
level of investment in innovation. A comparative analysis of the GIl com-
ponents for the Republic of Belarus and nine EU countries for 2023 [19] is
presented in Table 1.

The indicator of knowledge intensity characterizing the innovative de-
velopment of the country in the Republic of Belarus has been below the
critical level (1 %) for a long time and does not exceed 0.5 % Figure 5.
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Figure 4 — Belarus' place in terms of components of the Global Innovation Development Index in the ranking of countries in the world in 2021 and 2023

Table 1 — Comparative analysis of Gll components for the Republic of Belarus and individual EU countries in 2023
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Institutions 24,3 74,3 719 70,0 55,4 471 34,9 62,8 73,5
Human capital and research 39,9 62,7 61,1 54,0 43,7 37,7 47,2 374 374
Infrastructure 38,7 67,6 57,1 57,2 57,2 485 38,0 54,7 51,9
Market sophistication 238 59,9 56,5 60,7 44,3 34,5 37,7 36,0 453
Business sophistication 26,3 75,8 56,9 56,1 41,3 36,7 34,7 38,1 39,3
Knowledge and technology 29,9 63,4 55,4 46,7 443 31,6 26,4 28,0 35,3
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Figure 5 — R&D expenditure (% of GDP), an indicator of the knowledge intensity of the Republic of Belarus threshold value of R&D expenditure
(% of GDP) within the framework of economic security

As can be seen from the presented graph, the most optimistic years
are 1995, 1996, and 2007, while the most critical years from the perspec-
tive of innovative development are 2014, 2015, 2016, and especially
2021, which indicates insufficient funding for the scientific sector and an

emerging negative trend.

The relationship between the level of innovative development and the
state of economic security will be examined in more detail below. Eco-
nomic security is one of the most important components of national secu-
rity. At the same time, the term 'economic security' is an integral part of
the concept of 'national security.' The concept of economic security origi-
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nated in the twentieth century and was introduced by U.S. President
T. Roosevelt in 1934 with the establishment of the Federal Committee for
Economic Security. Since then, the issues of national security and eco-
nomic security have been considered in conjunction.

There are two common concepts — Anglo-Saxon and Asian. The first
focuses on the economic security of households and individuals and is
actively promoted in the United States of America [20]. The latter is based
on a macroeconomic approach to ensuring national economic security,
with representatives from some Eastern European schools among its
followers [20]. The third concept has been developing rapidly since the
1990s, with a primary focus on the economic security of enterprises,
taking into account macroeconomic factors. Its rapid development began
in the post-Soviet space, likely due to the unstable economy of the 1990s,
which led to a significant number of bankruptcies. Consequently, some
questions remain unresolved regarding the conditions under which eco-
nomic security, competitiveness, and development affect each other and
become intertwined. For this reason, studies of the conditions determin-
ing accessibility and the direction of the relationship between economic
security and these categories are becoming increasingly relevant.

Each country defines the criteria for economic security in its own
way, but some indicators are common to many countries. Collectively, the
following indicators determine economic security: the size of public debt;
the competitiveness of the economy; food security; the structure of for-
eign trade; the stability of the financial system; the level of state support
for the country's potential in the scientific field; social stability of the state;
state sovereignty; and the level of state participation in regulating eco-
nomic processes within the country [21].

The most important document regulating the sphere of national secu-
rity is the "Decision of the All-Belarusian People's Assembly of April 25,
2024 No. 5 "On Approval of the Concept of National Security of the Re-
public of Belarus" (04/25/2024, 1/21360)". The approved Concept of Na-
tional Security of the Republic of Belarus reflects issues of information
security, which is defined as the state of protection of the information
space, information infrastructure and information resources from external
and internal threats in the information sphere. The document reflects
national interests in the information sphere, defines the main directions
for neutralizing internal sources of threats and protecting against external
threats to national security in the information sphere [22].

According to the Resolution of the Council of Ministers of the Repub-
lic of Belarus dated February 22, 2007, No. 226, 'On the Organization of
Monitoring of the Most Important Indicators of Economic Security of the
Republic of Belarus,' the following indicators are listed in the List of the
Most Important Indicators of Economic Security of the Republic of Bela-
rus: the degree of depreciation of the active part of fixed assets at the end
of the year; the share of investments in fixed assets in GDP; research
and development costs as a percentage of GDP; the share of new prod-
ucts in the total volume of industrial products; the share of food product
imports in the total volume of their retail turnover; the ratio of domestic
public debt to GDP; the ratio of external public debt to GDP; the level of
gold and foreign exchange reserves in months of imports; the unemploy-
ment rate as a percentage of the active population; the share of the popu-
lation with incomes below the budget of the subsistence minimum; and
the balance of foreign trade (including services, according to the balance
of payments) to GDP, etc. [23].

Thus, indirectly, scientific and official approaches to the definition of na-
tional and economic security affect concepts such as innovation, competi-
tiveness, and economic growth [24, 25]. Let us consider the significance of
these categories in the context of national and economic security.

Economic security and the economic growth of a country are closely
linked. Gross Domestic Product (GDP) is commonly used as a measure
of a country's economic strength. GDP per capita is often used as an
indicator of the standard of living, although it obscures the uneven distri-
bution of income among the population. Based on this, it can be argued
that a high GDP and its growth are prerequisites for economic security.
However, excessively high GDP growth can also lead to an economic
crisis. It is crucial to monitor GDP growth rates, as excessive growth may
result in the rapid depletion of production resources, increased inflation,
and negative consequences for the economy. Very often, GDP growth is
associated with the accumulation of debt and the excessive consumption

of a country's natural resources. The cost of restoring the ecological bal-
ance disrupted by industrialization contributes to GDP; in the event of
natural disasters, the cost of emergency services increases; an increase
in crime raises the costs of investing in law enforcement; and epidemics
lead to higher healthcare costs. All these expenses relate to public pro-
curement and increase the volume of GDP, so GDP does not differentiate
between the factors that promote progress and those that hinder it.

Thus, economic growth is a prerequisite for improving the security
and well-being of each country, but it can also be a precursor to a crisis in
the long term.

Weak or negative growth is not favorable for economic security, nor
is excessively rapid growth. The question arises: "What should optimal
economic growth be?' A number of scientists suggest that sustainable
GDP growth should range from 2.5 % to 3.0 %. Such growth rates are
sufficient to stimulate economic activity without unjustifiably increasing
inflation. Potential GDP, or natural GDP, is the level of GDP that can be
maintained for a long period of time without causing a significant increase
in inflation. Potential GDP is achieved through the full utilization of availa-
ble production resources. GDP growth beyond its potential leads to the
so-called 'overheating' of the economy and the depletion of natural re-
sources at a rate faster than their recovery. Growth below the level of
potential GDP indicates that not all factors of production are being utilized
efficiently. There are various reasons why an economy may grow below
potential GDP. Since economic security depends on economic growth,
and if GDP growth is taken as a measure of economic growth, then to
maintain economic security, a country should strive to ensure that GDP
growth is as close as possible to potential GDP.

Economic Security and Competitiveness of the Country. Modern ap-
proaches to ensuring the national interests of the Republic of Belarus
highlight the need to study the issue of increasing the country's competi-
tiveness in the international context. The examination of the category
‘competitiveness of the country,' as well as the development of a method-
ology for assessing macro-level competitiveness, will establish a theoreti-
cal foundation for forming a scientific approach to ensuring national inter-
ests and economic security in the Republic of Belarus from the standpoint
of national competitiveness.

The concept of competitiveness was developed in English in the nine-
teenth century, and its linguistic roots lie in the Latin phrase 'com + petere,'
meaning the desire to achieve something. Today, competitiveness is one of
the most frequently used concepts in economics; however, there is no uni-
form understanding of its content in the scientific literature [26].

When using a broad concept of competitiveness, factors that have a
determinative effect on economic growth are typically considered, where
competitiveness serves as a means of creating opportunities to focus on
those types of activities in which the national economy has competitive
advantages that facilitate the achievement of economies of scale and
open access to new technologies and management methods [27, p. 8].
An analysis of foreign economic security studies indicates that scientific
approaches to determining the relationship between economic security
and competitiveness are under detailed examination.

Competition contributes to the growth of national well-being and eco-
nomic development, as well as making markets more flexible, sustaina-
ble, and innovative. It is believed that competition stimulates innovation
and that innovation, in turn, contributes to increased well-being and eco-
nomic growth; however, there is no theoretical consensus on the exact
relationship between these three important components of a market
economy and their impact on national security.

Economic Security and Innovation. The relationship between innova-
tion and the level of economic development of a country, as well as eco-
nomic security, remains unexplored. If we focus on the indicators of eco-
nomic security, it becomes evident that the low level of innovative activity
and the low effectiveness of innovation efforts have a significant negative
impact on ensuring economic security. Thus, a number of scientists em-
phasize that a level of research and development costs to GDP below
2 % jeopardizes economic and national security.

A direct correlation is established between the level of competitiveness
and innovative activity, which can not only preserve or increase the share of
enterprises' production in the domestic market but also penetrate external
markets. The concept of competitiveness is often intertwined with the con-

Economics
https://doi.org/10.36773/1818-1112-2024-135-3-145-151

149



Vestnik of Brest State Technical University. 2024. No. 3 (135)

cept of innovation, which is regarded as one of the most important sources
of competitive advantage and economic dynamism, especially in a rapidly
changing world where technological progress and trade liberalization have
led to an expansion of economic interaction. The factors that positively
affect the ability of companies to compete largely coincide with those factors
that have been identified as conducive to innovation [28, p. 3].

Therefore, innovative activity is considered the main driving force of
competitiveness in a market economy. This is because structural chang-
es aimed at reorienting the economy toward more efficient production
models with a high technological component and added value are asso-
ciated with increased competitiveness resulting from the implementation
of innovative activities. UN experts note: "Where there is no competitive
pressure in favor of innovation, owning a market share may well become
a factor influencing it and yield monopoly rent without having a positive
impact on economic growth' [29, p. 13, 94].

When using the broad concept of international competitiveness,
which pertains to policy in terms of competitiveness, the factors that have
a sustainable positive impact on the growth of value added, considering
the criterion of external competition, are examined. Competitiveness in
this context appears to be merely a means to achieve the goal, with the
expected result being economic growth and an increase in the income of
the population [30, p. 8, 9].

Conclusion

1. Innovation is the main driving force of competitiveness in a market
economy. Today, it is regarded as one of the most important sources of
competitive advantages and economic dynamism.

2. The factors that positively affect the ability of companies to com-
pete largely coincide with the factors that favor innovation.

3. Competitiveness can be considered in both a 'narrow' and a
‘broad' sense. In the 'narrow' sense, the emphasis is on the ability of
national companies to compete for leadership in global markets, the
competitive potential of which is determined by the level of their innova-

tive activity. Broadly speaking, the focus shifts to factors affecting labor
productivity and, ultimately, to the driving forces of economic develop-
ment. Competitiveness in this context appears to be merely a means to
an end, with the expected outcome being economic growth.

4. The new economy is based on the interdependence and systemic
unity of its three basic concepts: economic growth, innovation, and com-
petitiveness. It is worth noting that both domestic and foreign research
addresses the formation of a competitive environment and examines the
impact of competitiveness, innovative development, and economic growth
on sustainable development.

Thus, the paradigm of the development of the new economy is
grounded in the interdependence and systemic unity of its three basic
concepts:

+ Added value as the main source of socio-economic development
(economic growth);

* Innovations as the main resource involved in the process of social
reproduction;

+ Competitiveness as the most important condition for the integration
of the national economy into the system of the global division of labor
(Figure 6).

As shown in Figure 6, the central link of this paradigm is innovation,
which acts in relation to its other two components not only as a resource
but also as a factor that determines them. This is stated in the documents
of the United Nations Economic Commission for Europe, where it is noted
that 'in a modern knowledge-based economy, the main driving force of
competitiveness is innovation.' Therefore, 'in connection with the increas-
ing influence of innovations on economic growth and competitiveness,’
paternalistic measures of state economic policy are also being strength-
ened, aimed at 'creating conditions conducive to their generation and
dissemination' [29, p. 3; 30]. As a result, the solution to the three-pronged
task of growth for all components of this paradigm occurs through the
stimulation of innovation, which in turn leads to ensuring economic and
scientific-technical security.

PARADIGM DETERMINANTS OF THE NEW ECONOMY
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Figure 6 — Structural and functional diagram of the new paradigm of economic development
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Abstract

One of the promising areas for increasing the effectiveness of higher education institutions in the context of the current global confrontation may be
the implementation of competitiveness management systems (CMS). The theoretical basis for modern research on the creation of CMS adapted to
existing circumstances is the use of an innovative system of training and decision-making (ISOPUR), which, taking into account the conditions of global
geopolitical instability, should be supplemented (modified) by the connection (chain) «environment» and have the following content: environment (E) -
methodology (M) — economy (E) — technology (T) — management (U) — competitiveness (Ksp), i. e. OMETUKsp.

The authors in the work carried out a possible step-by-step filling of the content of the specified elements of ISOPUR - OMETUKSsp, applicable to
higher education institutions with an increased level of adaptation to global geopolitical instability. In particular, the primary attention was paid to the
study of the factors ensuring the competitiveness of personnel in modern conditions, taking into account the influence of internal and external threats,
through the concept of «three Z-e», with the assessment of both the essence and the relationship of its constituent concepts (components): 1 —
«knowledge», 2 — «health», 3 — «care for one's neighbor». Recent events in Belarus associated with geopolitical instability, the adoption of the new
Concept of National Security, the Code of Administrative Offenses (CAO) and the Republican Program of Patriotic Education of the Population, indicate
that the third component of the concept of «three Z-e» (Z — care for one's neighbor) should be supplemented by such elements (factors) as: legality,
patriotism, love for the Motherland. The specified factors of personnel competitiveness, combined in the form of the concept of «three Z-e», in modemn
conditions are related to each other approximately as 3:2:5. In other words, the third component of the «three Z-e» concept, due to the vital necessity
and stability at the enterprise and national level, comes out on top (first level). This indicates a vital need to expand the practice of teaching the
discipline «Competitiveness of an Organization (Enterprise)» in domestic higher education institutions with economic, legal and engineering focus,
highlighting the social component of training specialists (legality, patriotism, love for the Motherland, etc.), future managers and personnel of
organizations.

Keywords: geopolitical instability, global confrontation, training, competitiveness (Ksp), innovative system of training and management decision-
making (ISOPUR) - OMETUKsp, personnel, UVO.

WHHOBALIMOHHASl CUCTEMA OBYYEHWUSA U MPUHATUS YNPABNEHYECKUX PELLEHWUNA
H. B. Hemoran, H. B. BoHueBuy, C. [l. KonecHukoB

Pecpepar

OpHYM M3 NepenekTUBHbLIX HanpaBneHuin NoBblileHns addekTeHocTH YBO B ycnoBusix CyLiecTBytoLero rnobanbHoro NpoTMBOCTOSHNS, MOXET
ObITb BHEApEHWEe CUCTEM YNpaBneHus KoHkypeHTocnocobHocTbio (CYKcn). TeopeTuyeckol OCHOBOW COBPEMEHHBIX MCCEAOBaHWUA MO CO3AaHMI0
afanTupoBaHHbIX K CyllecTBylowmm obeTosTensctBam CYKen sBRseTCS MCMONb30BaHWE WMHHOBALMOHHOM CUCTEMbI OBYYEeHWs W MpuHATASA
ynpaBneHyeckux peuenuit (MCOMYP), koTopas ¢ y4eToM ycnoBuii rnobamnbHOA reononuTuyeckol HectabunbHOCTU [OMmkHA ObiTb AOMOMHEHa
(MooudmuMpoBaHa) CBA3bI0 (LIEMbo) «OKPYXEeHUe» U UMETb cnepyiollee copepxaque: okpyxenue (O) — meToauka (M) — akoHoMUKa (D) — TEXHMKa
(T) — ynpaenetue (Y) - koHkypeHTocnocoBHocTb (Ken), T. e. OM3TYKcen.

AsTopamn B paboTe OCYyLIECTBNEHO BO3MOXHOE MOLIArOBOE HamonNHeHWe COAepXaHus ykalaHHbix anementoB WUCOMYP - OM3TYKcen,
npumenntensHo k YBO, oBnapatollemy nOBbIWEHHBIM YPOBHEM apanTauuu K rnobanbHoi reononmuTuyeckon HectabunbHocTu. B uyactHocTy,
NPeNMyLLECTBEHHOE BHUMaHWe yAEensnoch MCCNefoBaHmio (hakTopoB 0becneyeHns KOHKYPEHTOCTOCOBHOCTM NepcoHana B COBPEMEHHbIX YCIOBUSX,
YUMTHIBAIOWMX BAMSIHUE BHYTPEHHMX M BHELHWX Yrpo3, MOCPEACTBOM KOHLENUWM «Tpu 3-3», C OLEHKOI KaK CYLLHOCTM, Tak 1 B3aUMOCBA3N ee
COCTaBHbIX MOHATUA (KOMMOHEHTOB): 1 — «3HaHWA», 2 — «340poBbe», 3 —«3aboTta o OrvkHem». [Mocnegnue cobbiTua B benapycu, cBs3aHHble C
reononnUTYeCkol  HeCcTabunbHOCTbIO, MPUHATWEM HOBbIX  KoHuenumn  HauuoHanbHoii  6esonmacHocTn, Kopekca 06  agMMHUCTpaTMBHbIX
npasoHapyLeHusx (KoAM) u PecnybnukaHckon nporpammbl NATpUOTUYECKOrO BOCTIMTAHUS HACceNeHWs, ykasblBalT Ha TO, YTO TPETUA KOMMOHEHT
koHuenummn «Tpu 3-3» (3 — 3aboTa 0 BnWKHEM) JOMKEH JOMNOMHATCA TakMMK 3neMeHTamu (hakTopamm), Kak 3akoHHOCTb, MaTpuoTH3M, MboBb K
PopunHe. YkasaHHble (hakTopbl KOHKYPEHTOCMOCOBHOCTM nepcoHana, obbeauHeHHble B BWAE KOHLUENuuM «Tpu 3-3», B COBPEMEHHbIX YCOBUSX
COOTHOCATCA Mexay coboi npubnusutenbHo Kak 3:2:5. MHbIMKM crioBamu, TPETWIA KOMMOHEHT KOHLENUWM «Tpu 3-3%», BCNEACTBUE XM3HEHHOM
HeobXx0aNUMOCTH 1 CTabUNBHOCTY Ha YPOBHE NPEANPUSTIS U CTPaHbI, BEIXOAUT Ha NEPBOe MECTO (NepBbii YPOBEHb).

OTO yKa3blBaET Ha KM3HEHHO BaXHYI0 HEODXOAMMOCTb PacCLUMpEHUst MPaKTWKM MpenopaBaHus AUCUMNAMHBI  «KOHKYpeHTOCoCcobHOCTb
OpraHu3auuv (npeanpusTs)» B 0TeYeCTBEHHbIX YBO 9KOHOMMYECKOW, HOpUMAMYECKO W UHXEHEPHO HAanpaBnEHHOCTU C BblLeNeHeM CoLManbHOM
COCTaBNSOLLEl MOATOTOBKM CMELManiucToB (3aKOHHOCTb, MATpUOTMYHOCTb, NMioBoBb k PoauHe u T. n.), OGydywwx pykoBoguTenel M nepcoHana
opraHu3aLpi.

KnioueBbie cnoBa: reononntuyeckas HecTabunbHOCTb, rnobanbHas KOHPPOHTaLMS, 0By4eHre, KOHKYPeHTOCNOoCoBHOCTb (Ken), MHHOBALMOHHAS
cuctema 0byyeHns n NpuHaTUS ynpaeneHyeckux pewwenui (MCOMYP) - OM3TYKcen, kagpel, YBO.
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Introduction

Ensuring survivability in the current market conditions characterized by
global confrontation and geopoalitical instability (external sanctions challeng-
es, ideological contradictions, disruption of international supply chains etc.)
is one of the main tasks of the modern economy of Belarus, Russia and the
Commonwealth of Independent States (CIS) [1]. There is no doubt that this
task in the current conditions must be solved by ensuring the competitive-
ness of basic socio-political, production and technical facilities, one of the
first of which is personnel (personnel of various levels), the formation (train-
ing) of which is carried out by higher education institutions (HEIs) [2—4]. The
research was carried out according to proven methodological recommenda-
tions within the framework of the implementation of complex research end-
to-end tasks (CRCT); practical classes of students; work of student re-
search circles; training (retraining) courses for specialists [5].

The results of the analysis showed a high assessment of the efforts
and activity of pioneers in promoting new approaches to ensuring the
competitiveness of various facilities (including UVO) from the countries of
the former USSR [2-4]. The analysis shows that one of the promising
areas for increasing the efficiency of such objects (representing an open
system), including in the conditions of modern competitive realities, may
be the introduction of competitiveness management systems (CMS) [2].
The theoretical basis for the known studies on the creation of CMS was
the use of the system of training and making management decisions
(SOPUR) — METUK, which has the following elements: methodology
(M) - economy (E) — technology (T) — management (U) — competitive-
ness (C). This approach was actively developed in the Russian Federa-
tion by the scientist R. A. Fatkhutdinov over fifteen years ago, therefore it
could not take into account the existing international situation.

Taking into account the above, we carried out a review entities inno-
vative system of training and management decision-making, as well as
possible modern content of its elements in relation to higher education
institutions.

Main part. Development of an innovative system of training and
management decision-making (ISMDM)

The analysis of the research showed that, taking into account the in-
novative approach to modern geopolitical instability and confrontation, the
well-known SOPUR should be modified (supplemented) with the connec-
tion (chain) «environment» and have the following content: environment
(E) — methodology (M) — economy (E) — technology (T) — management
(U) — competitiveness (Ksp), i. e. OMETUKSsp [4].

The step-by-step (in order of importance) content of the basic terms
(concepts) of the innovative SOPUR (ISOPUR — OMETUKSsp) as applied
to the educational institution with an increased level of adaptation to geo-
political instability and global confrontation can be disclosed as follows.

Step 1. Environment (E) (or external environment, determining who
and how influences the UVO from the outside) is the first component
of the ISOPUR - the beginning of work to ensure the competitiveness of
the UVO in modern conditions. We have already noted the need for the
survival of all objects in the existing international conditions. The influ-
ence of the external environment on the competitiveness of all objects,
including UVO, is manifested in the following trends [1-4]:

— in the political sphere: the presence of significant contradictions
between the main actors in world politics, which are manifested against
the background of a decline in the effectiveness of international and re-
gional security systems and are capable of complicating the situation
around Belarus; the clash of geopolitical interests of leading states
(groups of states) in the process of transition from a unipolar to a multipo-
lar world order;

— in the economic sphere: deterioration of the conditions of foreign
trade, attraction of credit and investment resources due to unfavourable
conditions in world markets; adoption of protectionist measures by foreign
states by establishing barriers and discriminatory conditions for the im-
plementation of export-import operations; development of transit corri-
dors, energy transportation systems alternative to those existing in Bela-
rus, and targeted limitation of their transit capabilities;

— in the scientific and technological sphere: restriction of access of
Belarusian researchers and business entities to the latest technologies,
research results and world-class developments; targeted policy of foreign
states and companies stimulating the emigration of scientists and special-
ists from Belarus.

As a result of the above phenomena, the specific influence of the ex-
ternal environment on the competitiveness of domestic higher education
institutions is also manifested in: increased competition in the sphere of
specialist labor, which is a consequence, on the one hand, of automation
and computerization of traditional production activities, on the other hand,
of overproduction of specialists in certain specialties; increased role of
long-term and sustainable relations between education, science and
production; formation of adaptive virtual structures in management that
determine a modern approach to personnel policy based on proactive
training of a new generation of specialists; development of electronic
educational technologies in the sphere of training of specialists; increased
role of standardization of educational processes, certification of higher
education institutions in terms of their new specialties; increased role of
state regulation of training of specialists that ensure an optimal balance of
scientific and practice-oriented training.

Step 2. Methodology (M) - the second component of | SOPUR, tak-
ing into account that modern teachers (and, accordingly, trained person-
nel of different levels) must master the methods and mechanisms of ac-
tion of economic laws, application of scientific approaches and principles
to management in higher education institutions. The main purpose of the
second component is the formation (training) of specialists with a high
level of human capital, which is a set of skills embodied in a person: edu-
cation, intelligence, charisma, creativity, work experience, entrepreneurial
energy, the ability to survive in extreme conditions [4, 5].

It should be noted that artificial intelligence (Al) has recently become
an increasingly important stimulus for innovative development in science,
technology and business, which influences almost all aspects of creativity
[6-8]. The development of Al, which has many points of contact with
intellectual property, is facilitated by the availability of large volumes of
data for training and the increase in available computing power.

Currently, the fundamental strategic document of the Russian Feder-
ation in the field of Al is the National Strategy for the Development of
Avrtificial Intelligence for the Period up to 2030, approved by the Decree of
the President of the Russian Federation of October 10, 2019 No. 490
«On the Development of Artificial Intelligence in the Russian Federation».
Given the great importance of this issue, V. V. Putin signed a decree
updating the Al development strategy until 2030. It should be noted that
the final document of the 10th forum of the Federation Council of the
Russian Federation and the Council of the Republic of the National As-
sembly of Belarus (Moscow, June 29, 2023) proposes to develop a strat-
egy for the development of artificial intelligence in the Union State [6-8].

The main principles of development and use of Al technologies: pro-
tection of human rights and freedoms, security, transparency, technologi-
cal sovereignty, integrity of the innovation cycle, reasonable frugality,
support for competition. The following can be attributed to the issue under
consideration as indicators that characterize the achievement of the goals
of the strategy and can be attributed to the issue under consideration [8]:

e the level of public trust in Al technologies should increase to at
least 80 % by 2030, compared to 55 % in 2022;

e 80 % of workers are expected to have Al skills, up from 5 % in 2022;

e the number of graduates who have completed Al programs will
be at least 15.5 thousand people, which is significantly higher than the
figure of 3,048 people in 2022;

e itis planned to increase from 12 % to 95 % the share of priority
sectors of the economy ready for the implementation of Al

e companies' expenses on the implementation and application of
Al should increase to at least RUB 850 billion annually, compared to RUB
123 billion in 2022;

e the combined maximum power of all Russian supercomputers
using Al technologies, equipped with graphics processors for training Al
models, should increase to 1 exaflop, up from 0.073 exaflops in 2022
(FLOPS is a non-systemic unit used to measure computer performance,
showing how many floating-point operations per second a given compu-
ting system performs).

The document also outlines areas of support for organizations in-
volved in Al development. Among them: state support, provision of
grants, ensuring unimpeded attraction of investments, promotion of the
best organizations, development of domestic open Al libraries, creation of
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data repositories and solutions in the field of Al, etc. In addition, areas of
support for scientific research, development and increasing the availabil-
ity of infrastructure for development, increasing the level of competencies,
stimulating the implementation of Al technologies in economic and social
sectors, including within the framework of international cooperation, etc.
are presented [8].

Step 3. Economy (E) - aspect ISOPUR, which acts as a set of
knowledge, skills and competitive advantages in various areas of macro-
and microeconomics, resource and energy conservation, etc. The transi-
tion to the fifth (and in some cases the sixth) technological order requires
the training of specialists in higher education institutions on the basic
aspects of a competitive economy, i. e. the philosophy of a new vision
and thinking, knowledge management in order to improve the quality of
processes in all environments and industries, and to intensify innovative
activities [4].

Step 4. Technology (T) is an aspect of the ISOPUR, which is the mate-
rial basis for the development (design) and organization of the educational
and research process in the educational institution. The components of the
presented aspect are: the technical level of the educational institution, the
toolkit of educational technologies, technological equipment, electronic
information equipment and other elements aimed at forming a high-quality
“cloud” information and educational environment [4].

Step 5. Control (U) is the fifth aspect innovative ISOPUR and one of
the most difficult, since domestic teachers of different levels have to work
in conditions of tough competition. In such conditions, management is a
general function of an organized system (UVO), aimed at maintaining its
integrity and fulfilling its goals and objectives. It (the general function U) is
implemented using the Deming-Shewhart cycle (PDCA), consisting of
separate (independent) functions: planning — P, activity — D, control - C,
improvement (management decision-making) — A [5].

The relevance and necessity of making management decisions is de-
termined by the fact that they are designed [4]:

— to ensure the necessary interconnection between reforms in higher
education and strategies for sustainable socio-economic development of
economies;

— to intensify the goals of higher education institutions in the area of
increasing their —competitiveness and allocating the necessary and suffi-
cient financial support to increase the growth rate of innovation and in-
vestment activities of higher education institutions;

—to increase the level of adaptation of higher education institutions to
market conditions and competition in the market of modern educational
services;

- eliminate the imbalance between the training of specialists and
their future needs, the overproduction of some specialties and the short-
age of others;

— to raise to a higher level the use of the advantages of strategic
marketing and financial management in the field of organizing the educa-
tional and research process in higher education institutions;

- to increase the level of motivation and incentives for the work of the
teaching staff;

— to implement an optimal combination of innovative, comprehensive
and systemic approaches of the state to regulating the activities of public
and private higher education institutions;

- to create and implement a comprehensive program for the entry of
national education systems into the CIS educational space.

Step 6. Competitiveness (Ksp) is the sixth aspect of innovative SOPUR
and it acts as a generalizing result of training or work on the previous five
aspects. The competitiveness of a higher education institution is determined
by its competitive advantages in relation to other higher education institu-
tions of the same profile. At the same time, the competitive advantages of a
higher education institution are multifactorial and are determined primarily
by its activity in training modern competitive specialists [9].

We followed the factors for ensuring the competitiveness of
personnel in modern conditions, taking into account the impact of internal
and external threats, using the concept of «three Z-es», with an
assessment of both the essence and the interrelation of its constituent
concepts (components): 1 — «knowledge» , 2 — «health» , 3 - «caring for
one’s neighbor» [10] .

Analysis and research showed that the main purpose to component
«knowledge» is training of comprehensively developed specialists
(personnel) in various areas with a high level of human capital, in the
practice of formation of which special attention should be paid to increasing
labor efficiency based on the use of modern tools competitive economy like
Al, development of holistic inventive thinking and the ability to formalize
ideas into patents intellectual property objects (IPC). Thus, to the traditional
components of the triad element: «knowledge» (natural giftedness and
intelligence, talent, education, special knowledge, skills, abilities, ability for a
certain type of activity), in modem conditions the following components
should be added: knowledge of the historical past of the country, national
culture, the foundations of the history of religion and the Motherland, as well
as the tools of a competitive economy and Al [11-14].

The «health» element of the «three Z» concept, is one of the key
factors in healthcare and the social sphere, since the health of the nation
is determined by 10-15 % by the level of development of healthcare, and
by 50-55 % by the conditions and lifestyle of the population. The ffficien-
cy of the «health» component is largely connected with the national
system based on the promotion of a healthy lifestyle (HLS) and the
implementation of the «Quality of Life» and «Healthy Nutrition» doctrines,
which allows us to form and maintain a person (specialist) with high phys-
ical and mental abilities until old age [15-17].

The implementation of the above — mentioned doctrines is impossible
without understanding that we live in an era of multifactorial uncertainty,
when the world is changing rapidly. But there is also an undoubted con-
stant: the world is dual. It is very important for society to preserve this duali-
ty, which is conceived by nature, and to find harmony between men and
women, using their complementary qualities for creation. No one doubts
anymore that women are an important strategic resource of our country and
that they largely contribute to the development of industrial and social initia-
tives and technologies, so necessary for its prosperity. Women are often
more active than men, react faster and more acutely to the challenges fac-
ing society and are more proactive when they arise, offering possible, often
original solutions. Nowadays, educational institutions should set as their
goals the promotion of the ideology of a healthy lifestyle, national preserva-
tion, traditional family values and the creation of a positive image of a large
family as the basis of a prosperous state, they should show the high role of
women in the formation and management of society, which often remains
underestimated. It is women who have the ability to empathize, care, un-
derstand and tolerate. Women know how to find compromises, help resolve
conflicts, reconcile warring parties and establish harmony. Women have
enormous creative, spiritual and moral potential, abilities and the will to
create, they continue to implement their not always clearly visible, but very
important for society affairs.

An analysis of the research shows that the second block of traditional
elements of the triad «three Z (z)» is the hereditary advantages and abili-
ties, physical data, healthy lifestyle. In modern conditions, it should in-
clude the following factors: health in all its manifestations (as a source of
courage, fortitude, strength), aimed (taking into account the principles of
spirituality, respect for the history of the country and love for the Mother-
land) at traditional family values and ensuring the protection of the Fa-
therland from external and internal threats.

In the conditions characterized by geopolitical challenges, the need
for timely strengthening of state sovereignty and national security,
through the consolidation of society and ensuring the national unity of
public and state interests, the essence of the third component of the triad
«three Z (z)» «caring for one's neighbor" should be considered in the
context of events occurring in the environment and have a modified char-
acteristic of its components, including in their composition such factors
as: «legality (compliance with the law)» and «patriotism» [18-22]. In par-
ticular, the introduction of such a factor as legality (compliance with the
law) is justified the new Code of the Republic of Belarus on Administrative
Offenses dated 06.01.2021 No. 91-Z (CAO; reg. in NRPA No. 2/2811
dated 15.01.2021). The introduction of such a factor as patriotism is sub-
stantiated by the Resolution of the Council of Ministers of the Republic of
Belarus dated 29.12.2021 No. 773, which approved the program of patri-
otic education of the population for 2022-2025. The adoption of the new
Code of Administrative Offenses and the program of patriotic education of
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the population, indicate that the third component of the concept of «three
Z-e» (Z - care for one’s neighbor) should be supplemented by such ele-
ments (factors) as: legality, patriotism, love for the Motherland.

And the analysis of the research showed that the factors of personnel
competitiveness, united in the form of the concept of «three Z-e»
(knowledge, health; care for others), in modern conditions, are related to
each other approximately as 3:2:5. In other words, the third component of
the concept of «three Z-e», due to the vital necessity and stability at the
level of the enterprise and the country, comes out on top (first level).

The solution to the problem of increasing the competitiveness of
higher education institutions interacts with a system of factors that follow
from the essence of the relationship between the following main (triadic)
components: «man - society — nature»; «competitiveness of goods -
competitiveness of the UVO — competitiveness of educational servicesy,
within the framework of the creation of the corresponding ISOPUR,
adapted to global geopolitical instability [9, 10].

The developed system has been undergoing testing (as part of the
modernization of the QMS structure) at the International University
«MITSO» (Minsk) and its Gomel and Vitebsk branches for over the past
six years. It is an innovation-oriented incentive mechanism that promotes
self-actualization of the individual and has a single goal, which consists of
satisfying the national economy with competitive specialists, ensuring the
possibility of higher education institutions to successfully compete in the
domestic and international educational services markets in a modern
competitive economy [4, 9].

Conclusion

The analysis of the research shows that one of the promising areas
for increasing the effectiveness of higher education institutions in the
context of the current global confrontation may be the introduction of
competitiveness management systems (CMS). The theoretical basis for
modern research on the creation of CMS adapted to existing circum-
stances is the use of innovative training and management decision-
making system (TMSDM), which, taking into account the conditions of
global geopolitical instability, should be supplemented (modified) by the
connection (chain) «environment» and have the following content: envi-
ronment (E) — methodology (M) — economy (E) — technology (T) — man-
agement (U) — competitiveness (Ksp), i. e. OMETUKsp.

In this report, the authors focus on the possible step-by-step filling of
the content of the specified elements of the ISOPUR — OMETUKsp in
relation to the UVO, which has an increased level of adaptation to global
geopolitical instability. Recent events in Belarus related to geopolitical
instability, the adoption of the new Concept of National Security, the Code
of Administrative Offenses (CAO) and the National Program of Patriotic
Education of the Population, indicate the vital need to expand the practice
of teaching the discipline «Competitiveness of an Organization (Enter-
prise)» in domestic higher education institutions. economic, legal and
engineering orientation with the emphasis on the social component of
training specialists (patriotism, love for the Motherland, etc.), future man-
agers and personnel of organizations. At the same time, the plans of the
Ministry of Education of the Republic of Belarus annually reduce the
number of specialties and the number of teaching hours in this area.
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Abstract

The article presents a methodology for assessing the level of economic potential developed by the author. The author uses a multidimensional
assessment of economic potential based on the provision of the cross-border region with economic, social, infrastructural, innovative, digital resources,
as well as taking into account transit, institutional provision. The methodology is based on the author's interpretation of the concept of "economic
potential of a cross-border region" and includes the definition of five levels of potential of a cross-border region. Particular attention is paid to the
objectivity of the initial data, as well as comparisons of economic potential in dynamics based on a multidimensional average value. The author's
methodology for an integrated assessment of the level of economic potential of a cross-border region has a practical focus. The purpose of the analysis
is to determine the level of development of the economic potential of a cross-border region in order to determine the direction of balanced, sustainable
development based on a typological comprehensive assessment of regional economic potential and generalization of its results.

The subject of the study is the influence of cross-border factors on the socio-economic development of a region. The purpose of the study is to develop
and test a methodology for an integrated assessment of the level of economic potential and its impact on the socio-economic development of a cross-border
region. Research methods — economic and statistical, analysis, synthesis, inductive, deductive, comparison, system, expert assessments, etc.

In modern conditions, the formation of convenient and effective methods and tools for measuring balanced, sustainable socio-economic
development, allowing for an unambiguous interpretation of the results obtained, is of high value from both a research and a management point of view.
The advantages of the integrated indicator proposed by the author include the ability to cover all the main potentials in the structure of the economic.

Keywords: transborder region, economic potential of a transborder region, strategy, assessment methodology, structure of economic potential,
integral assessment of economic potential.

METOAWUKA UHTErPUPOBAHHOW OLIEHKW YPOBHA 9KOHOMUYECKOI O MOTEHUWUAIA TPAHCTPAHUYHOIO PETMOHA
B. B. 3asepckas

Pechepar

B cratbe npeacTaeneHa paspaboTaHHas aBTOPOM MeTOAMKa OLiEHKM YPOBHS SKOHOMMYECKOTO MOTeHUuana. ABTOP MCMOMb3yeT MHOFOMEPHYI0
OLieHKY 3KOHOMWUYECKOr0 MOTeHLMana Ha ocHoBe 06eCcneyeHHOCTM TPAHCTPaHUYHOTO PErMoHa SKOHOMUYECKUMM, COLMANbHBIMU, MHIPACTPYKTYPHBIMM,
WHHOBALMOHHBIMY, LM(POBLIMA Pecypcamit, a Takke C Y4eTOM TPaH3WUTHOM, MHCTUTYLMOHaNbHO! obecneyeHHocTU. MeToguka OCHOBbLIBAETCS Ha
ABTOPCKOW TPAKTOBKE MOHATUS «3KOHOMMYECKMIA MOTEHLMan TPaHCTPaHWYHOTO PervoHa» W BKMKYaeT OnpefdeneHne nsTi YpOBHE: noTeHunana
TpaHcrpaHuyHoro pernoHa. Ocoboe BHUMaHWe ynensetcs 0ObEKTMBHOCTI UCXOOHBIX AaHHbIX, @ TaKkKe CPABHEHWAM 3KOHOMMYECKOrO MoTeHuuana B
JQVHAMVKe Ha OCHOBE MHOTOMEPHOM CPeAHel BenuuuHbl. ABTOPCKAsS METOAWKA WHTErpUpOBaHHOM OLIEHKM YPOBHS 3KOHOMMYECKOro moTeHuuana
TPAHCTPAHUYHOrO PervoHa MMEEeT MpakTUYECKyl HanpaBreHHOCTb. Llenbio aHanusa sBnseTcs onpegeneHue YpOBHS PasBUTUS IKOHOMMYECKOTO
noTeHUMana TpaHCrpaHWYHOTO pervoHa Ans onpefeneHns HanpaeneHusi cbanaHcMpoBaHHOO, YCTOMYMBOTO Pa3BUTMS Ha OCHOBE TWUMOMOTUYECKOM
KOMMIEKCHOI OLIEHKW PETMOHANBHOT0 SKOHOMUYECKOTO NoTeHLMana 1 0606LLUeHNs ee pesynbTaTos.

MpeameToM MCCresoBaHMs SBMAETCA BAMAHWE TPaHCTPaHWYHbIX (PaKTOPOB Ha COLMANbHO-3KOHOMWYECKOe pas3BuTWe peroHa. Llenbio
nccnenoBaHns sABnseTcs paspabotka W anpobaums MeTOANKN MHTETPUPOBAHHON OLIEHKM YPOBHSI SKOHOMMYECKOTO MOTEHLMana v ero BMSAHWSA Ha
COLMarnbHO-3KOHOMMYECKOE Pa3BUTME TPAHCTPAHWYHOTO pernoHa. MeTogbl WMCCnegoBaHWin — 9KOHOMMKO-CTaTWCTWUYECKMA, aHanu3a, CUHTe3a,
VHAYKTUBHbINA, AEAYKTUBHBIN, CDABHEHMNS, CUCTEMHBIN, SKCMIEPTHBIX OLEHOK 1 Ap.

B coBpeMeHHbIX ycnoBusx (hopmmpoBaHue ynobHbIx 1 aheKTUBHLIX METOA0B M WHCTPYMEHTOB M3MEPEHUs cOanaHCcpoBaHHOrO, YCTOMYMBOrO
COLManbHO-3KOHOMUYECKOTO PasBUTHS, NO3BONSIOLLMX AATb OAHO3HAYHYI0 TPAKTOBKY MOMYYEHHbIX Pe3yrnbTaToB, MPEACTABNSET BbICOKYHO LIEHHOCTb Kak
C 1ccrnenoBaTenbCkon, Tak U C yNpaBneHYeckoih Toukn 3peHus. K npeumyLiectBam npeanaraeMoro aBToOpoOM WHTErparnbHoro nokasatens OTHOCUTCS
BO3MOXHOCTb OXBaTa M BCEX OCHOBHbIX MOTEHLMANO0B B CTPYKTYPe SKOHOMUYECKOTO.

KntouyeBble cnosa: TpchrpaHMquM PErvoH, 3KOHOMUYECKMI noTeHUMan TpaHCrpaHW4HOro peruoHa, cTpaterns, MeToauka OLeHKKM, CTPYKTypa
OKOHOMMKYeCKOro noTeHuUnana, nHTerpanbHasa oLueHka 3KOHOMU4eCKOoro noTeHuUuana.

Introduction

The socio-economic development of a regional system is influenced
by basic factors (transport and geographic, natural resources, climate)
and superstructure factors (economic, administrative, institutional), as
well as specific factors that determine the vector of development depend-
ing on the conditions of the region's functioning. Of great practical im-
portance for planning and forecasting the socio-economic development of
regions with cross-border relations is the comprehensive consideration of
all groups of factors. It is especially important to take into account the
factors that determine the directions of cross-border development of terri-

tories: transit, infrastructure, institutional, integration [1], since a scientifi-
cally based solution to the problem, a reduction in the asymmetry of terri-
torial development with preventive management reduces negative conse-
quences.

Myasnikovich rightly notes: «The transition from an integrated devel-
opment agenda to isolated development, the growth of state, corporate
and private debt exacerbates crisis processes...» [2]. «One of the effec-
tive paths to development is the deepening of regional integration» [2],
the form of which is cross-border cooperation [3].
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Achieving the goal of developing a transboundary region depends on
the existing economic potential and the transboundary influence of adja-
cent territories. Based on the multitasking nature of potential research, it
can be argued about the influence of the polysemantic nature of this
category, revealing its multicomponent structure. The problem of com-
pleteness of coverage of a multicomponent structure due to the limited
statistical indicators can be solved by experts, when experts select
groups of parameters, methods of their combination and further pro-
cessing. The economic potential of a region can be considered as a set of
material and technical base, expressed by available resources, opportuni-
ties and conditions for involving it in economic turnover, capable of ensur-
ing a certain level of development of the region. When considering it in
relation to a transboundary region, it can be argued that "the economic
potential of a transboundary region is a set of resources and opportunities
that determine the ability of the region to implement transboundary coop-
eration, which can be maximally used by subjects of the regional econo-
my in order to stimulate economic growth and development within territo-
rial boundaries" [1].

This raises the issue of the need to create an objective, easy-to-use
and comprehensive approach to assessing the economic potential of
regions. Such an approach could become an effective tool for comparing
available resources and identifying opportunities for economic growth, as
well as for developing and implementing various aspects of territorial
policy. Economic potential is a key resource for the development of a
region, which in turn contributes to its social well-being [4]. Summarizing
the opinions of scientists [5-8] and identifying structural elements, we can
note that the structure of economic potential remains a subject of discus-
sion in the scientific community; there is no consensus on its constituent
elements. The authors [9-12] note that systematization of the structural
elements of the resource potential of a region and approaches to its defi-
nition is significant, since transboundary regions are subject to the trans-
mission of «exogenous impulses for the national economy, both positive
in the form of special investment and foreign trade opportunities, and
negative — in the form of the spread of global financial and economic
problems to the domestic, national economy» [12].

In this paper, economic development is presented as a process that
is constantly changing. To effectively manage this process, it is neces-
sary to formalize it. Therefore, it is necessary to create mathematical
tools that allow a comprehensive assessment of the economic potential,
the level of which will correspond as much as possible to the current state
of economic development.

Methodology for assessing the level of economic potential of a
trans-border region

The methodology must comply with the conditions of availability and
accuracy of the initial data, take into account the complexity of the indica-
tors, the dynamic development of the region, and also ensure the sim-
plicity of calculations and the informativeness of the results obtained.

Let us present a methodology for assessing the level of economic
potential of a cross-border region.

1. Definition of the object, subject, purpose and objectives of the
study. The object will be a transboundary region of the macro level
(transboundary economic development corridor/country), in some cases a
transboundary region of the meso level (administrative-territorial unit of
the regional level).

The subject of analysis is monitoring the total economic activity of
business entities in the region, its results and methods for assessing
effectiveness.

The purpose of the analysis is to determine the level of development
of the economic potential of a cross-border region in order to determine
the direction of balanced, sustainable development based on a typologi-
cal comprehensive assessment of regional economic potential and gen-
eralization of its results.

The official database of the National Statistical Committee is used
when calculating the indicators. This allows for the formation of a suffi-
cient time series to characterize the processes. In the study, the time
series is determined by the period necessary to achieve “goals, priorities,
objectives, indicators and parameters of socio-economic development for
a certain time period” [13].

2. Selection of a system of indicators for assessing the economic po-
tential of a transboundary region. The indicators are grouped by subpo-
tentials:

—_
=

economic potential;

development indicators;
production and financial indicators;
consumer indicators;

labor indicators;

social potential;

inclusiveness;

demographic indicators;

social infrastructure;

infrastructure potential;

innovative potential;

integration potential;

transit potential;

potential for digital development;
institutional potential;

level of business development;
level of management development;
level of social development.

3. The calculation of structural elements characterizing the level of
potential of a certain sphere of development of the socio-economic sys-
tem is made on the basis of the arithmetic mean. The aggregated arith-
metic mean in our case is used for intermediate calculations, which will
allow us to level out the error of the integral value [14].

Depending on the duration of the period of studying the state of the
object, the calculation of the complex indicator of the level of the corre-
sponding subpotential is determined by one of the options:

a) at a certain point in time:

X..

R =2, Q)
where Riis the value of the complex indicator of the level of the i-th sub-
potential of the economic potential of the transboundary region;

X ji— the value of the j-th indicator of the i-th subpotential;

n is the number of indicators in the subpotential.

b) for a certain time interval. In this case, the calculation of the i- th level
The subpotential is produced by the method of normalization (reduction to
the scale [0, 1]) of the initial indicators based on the determination of devia-
tions of the actual values of the j- th indicator from the maximum and mini-
mum values of the indicator or from the optimal (normative) values.

Xmaxj—Xji
Ry = (Sl om0 3 )/, @

maxj_Xminj maxj_Xmin]
where R i— the value of the complex indicator of the i-th level subpotential
of the economic potential of a transborder region, characterizing a sepa-
rate sphere of socio-economic development;

X ji— the value of the j-th indicator of the i-th subpotential;

X maxj— maximum value of the j-th indicator of the i-th subpotential;

X minjis the minimum value of the j-th indicator of the i-th subpotential;

n is the number of indicators in the subpotential.

The first part of the numerator of the formula is used to evaluate di-
rect indicators, an increase in which has a positive value, the second part
is used to evaluate inverse indicators, an increase in which has a nega-
tive effect.

4. Calculation of the integral indicator.

The calculation of the integral indicator is based on the method of
aggregation by the geometric mean. The use of this method will help to
take into account the interrelations between resources and will allow to
characterize the territory as a system with a comprehensive content of
the main economic resources. This is especially relevant for the analysis
of complex systems, where many factors interact. The formalized expres-
sion of the comprehensive assessment of the economic potential of a
transboundary region is the value of the integral indicator:

Ip = VIIZ, Rs, @)
| r—an integral indicator of the level of economic potential of a trans-

border region
m — quantity subpotentials.

QT O ONOO PR WOTO NO O T
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Xji=Xminj

Economics
https://doi.org/10.36773/1818-1112-2024-135-3-156-159

157



Vestnik of Brest State Technical University. 2024. No. 3 (135)

The implementation of stages 5 and 6 involves the aggregation of
time series, namely, collapsed aggregation. Carrying out aggregation
(systematization, classification, consolidation, analysis) allows heteroge-
neous systems consisting of two or more different homogeneous areas to
be combined ‘“into a single whole with the aim of obtaining a holistic sys-
tematized data array — an aggregate” [15]. The process Transforming a
large array of data into a more compact form allows us to identify general
patterns, trends, or structural characteristics [16].

In our case, the aggregation of statistical information at stage 5 oc-
curs horizontally - chronological/temporal/dynamic analysis, and at
stage 6 vertically — structural analysis, which determines the structure of
the final integral indicators, identifying the influence of each position of
the information base on the aggregate as a whole.

Thus, the combined use of aggregation methods provides a more
complete picture of socio-economic processes, allowing us to support the
formation of a regional development strategy aimed at achieving target
indicators.

Thus, the methodology for assessing and analyzing the economic
potential of a cross-border region is based on the implementation of the
following successive stages:

« formation of a system of initial indicators with their subsequent uni-
fication into enlarged thematic groups (subpotentials);

+ calculation of private indicators (sub-indices) reflecting the state of
sub-potentials;

Table 1-Levels economic potential of the ransboundary region

+ identification of incentives and constraints for balanced and sus-
tainable development of a cross-border region;

+ assessment of the consolidated integral indicator of economic po-
tential, obtained on the basis of the “convolution” of private sub-indices,
with subsequent determination of the type of economic development of
the cross-border region.

The advantages of the integrated indicator proposed by the author in-
clude the ability to cover all the main potentials in the economic structure.

5. Determining the level of development of economic potential.

The final stage of the assessment will be the interpretation of the
comprehensive assessment of the economic development of the cross-
border region. For a correct understanding of the results, it is necessary
to establish threshold values for the level of economic potential, which will
vary from 0 to 1 [17].

Thus, at the final stage, it is planned to obtain the values of the ag-
gregated indicator of the level of economic potential of the regions, which
will make it possible to determine the direction of development of the
cross-border zone, conduct a comparative analysis of the achieved re-
sults of economic progress, and promptly identify changes and shifts
occurring over time.

The level of economic potential corresponds to a certain interval of
change in the value of the interval boundary indicator (Table 1).

6. Development of measures to ensure effective development of the
cross-border region.

Level Interval I R . .

potential values Interpretation of the integrated assessment of the level of development of the EP
Short 0.1-0.28 Unstable, unbalanced state of the region, pre-crisis state
aB\? (I;;vg o 0.29-0.46 Partial balance, parity between the subsystems of the region is violated. Asymmetric development is observed
Average 0.47-0 64 Sustamablel / with some signs of unsustainable development,

There are signs of asymmetric development

High 0.65-082 Continuous development of the region's subsystems, taking into account their coordinated interaction, providing a

9 ) ) synergistic effect to ensure the dynamic stability of the region
Very tall 0.83-1 Balanced, sustainable, dynamic development, efficient use of resources and opportunities

Determining the level of economic potential is immanent to the strat-
egy of economic development of the transboundary territory. Finding
incentives and restrictions for the development of the region is carried out
on the basis of an analysis of the values of individual subpotentials R j,
their indicators. If the analysis showed the lowest/highest value for some
of them, then the region has limitations/advantages for this factor. The
results of the analysis can be used to develop development directions
that support the development of mechanisms, identify development re-
serves, and use the competitive advantages of the territory.

Conclusion

It is important to use new opportunities for institutionalization of inter-
state relations within the framework of integration associations to stimu-
late economic development [18]. Ensuring cross-border cooperation of
meso/macro cross-border regions, as noted by Davydenko L.N. in [19], is
possible when building infrastructure, namely technical and technological,
resource, institutional and organizational. Supporting and stimulating
investment, innovation activities, and the development of small and medi-
um-sized businesses requires the creation of acceptable macroeconomic
conditions by regional government bodies [20].

The assessment of socio-economic subsystems of a trans-border re-
gion is also informative from the point of view of analyzing the impact of
trans-border interactions on the regional economy. Dynamics of infra-
structure, integration, transit, institutional sub-potentials determined by
the vector of transboundary processes.

The proposed methodology consists in developing an integral index
that allows assessing the socio-economic potential of a territory at a sys-
temic meso /macro level. Based on the totality of the data obtained, the
level of economic potential of a transboundary region is determined, dif-
ferentiated into groups in accordance with the level of subpotentials ac-
cumulated on its territory.
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Abstract

Competitiveness is not an abstract concept, but a set of interrelated factors that provide an organization with a certain advantage over other market
participants. The key element here is competitive advantages — unique characteristics of an enterprise or its products that allow it to occupy a more
advantageous position in the market and receive higher profits. Competitiveness is a direct characteristic of a business entity and is achieved through the
possession of competitive advantages. In essence, competitive advantage and competitiveness are two interrelated concepts. They have common features:
competitive advantages are a factor condition of competition, and competitiveness is the degree of success in the competitive struggle.

Improving competitiveness is a strategic goal of an enterprise, and competitive advantages are the tools and resources that allow achieving this goal
and ensuring sustainable development in the conditions of fierce market competition.

The article considers approaches to defining the essence of the concept of "competitiveness of an organization”: resource, which is based on the study
of production factors to improve competitiveness; managerial, the authors of which paid special aftention to effective government policy; investment,
considering the direction of investment resources in scientific, technical and human capital; innovation, which is based on determining the influence of such a
factor as innovation; combined, combining theories of several approaches. The relationship between the concepts of "comparative advantages", "competitive
advantages” and "competitiveness" is analyzed. A classification of factors ensuring competitiveness according to various characteristics is given: basic and
developed, general and specialized, natural and created; external and internal factors; depending on the intended purpose of the created labor product;
success factors and others.

Keywords: competitiveness, approach, theory, competitive advantages, factors, organization.

KOHKYPEHTOCNOCOBHOCTb, KOHKYPEHTHbBIE MPEUMYLLECTBA OPTAHU3ALIUK: MOHATUA, PAKTOPbI OBECIMEYEHUA
KOHKYPEHTOCMOCOBHOCTH

W. M. Fapuyk

Pechepar

KoHkypeHTOCMoCoBHOCT He siBNAeTCH abCcTpakTHbIM MOHATWEM, a MpeAcTaBnseT coboi KOMMMEKC B3anMOCBA3aHHbIX (hakTopoB, KOTOpble
obecneunBaloT opraHu3aLun onpefenéHHoe NPEeBOCXOACTBO Had APYrUMK y4acTHUKaMW pbiHka. KnioyeBbIM neMeHTOM 34echb BbICTyMmaloT
KOHKYPEHTHbIE MPEUMYLLECTBA — YHUKANbHbIE XapaKTEPUCTUKWN NPEANPUATUS WK €ro MPOAYKLMM, MO3BONAIOWME eMy 3aHUMaTb Gonee BbIrOAHYI0
no3unumMio Ha pbiHKe M nomydyaTb Bonee BbICOKYIO Mpubbinb. KOHKYpEeHTOCMOCOBHOCTb BbICTYNaeT HEMOCPENCTBEHHOW XapaKTepucTuKoi CcybbekTa
XO3A/CTBOBAaHWA 1M [OCTUraeTcsl 3a cyeT 00OnapjaHns KOHKYPEHTHbIMM MpewmyluectBamn. 1o CBOeM CyTU, KOHKYPEHTHOE MpeuMyLyecTBo M
KOHKYPEHTOCMOCOBHOCTb  SBMSIOTCA  [BYMS B3aMMOCBSA3aHHbIMKW MOHATMAMM. OHM MMetoT obLiMe Npu3HaKW: KOHKYPEeHTHble MpeumyLLecTa
npeacTaBnsioT coboit (hakTOpHOE YCroBIME KOHKYPEHLMM, 8 KOHKYPEHTOCMOCOBHOCTL — CTeNeHb AOCTVKEHMS yernexa B KOHKYPEHTHOM 6opbbe.

MoBbILEHNE KOHKYPEHTOCTIOCOBHOCTH SBRSETCA CTPATErnieckoi LIENbio MPEANpUsTAS, a KOHKYPEHTHbIE MPEUMYLLECTBA — 3TO MHCTPYMEHTBI 1
pecypchl, N03BOMAIOLLME AOCTUYbL STON LIENW M 0BeCcneymnTh YCTONUNBOE Pa3BUTHE B YCIOBUSIX KECTKOIM PbIHOYHOM KOHKYPEHLMM.

B craTbe paccmoTpeHbl NoAXoabl K OMPeAeneHmio CYLLHOCTM MOHATUS «KOHKYPEHTOCMOCOBHOCTb OpraHv3aLuny: PecypCHbIii, OCHOBO KOTOPOro
SBNSAETCS UccneaoBaHne (PakTopoB NPOU3BOACTBA ANS MOBBILIEHNS KOHKYPEHTOCTOCOBHOCTH; yNpaBNeHYECKUi, aBTOPbI KOTOPOro 0c060e BHUMaHWE
yaenunu acheKTUBHON NPaBUTENLCTBEHHON MONMUTUKE; MHBECTULIMOHHBINA, PACCMAaTPUBAIOLLMA HaNpaBleHne WHBECTULMOHHBIX PECYPCOB B HAY4HO-
TEXHUYECKAA W YENOBEYECKWI KanwuTar; WHHOBALMOHHbINA, KOTOPbIA OCHOBLIBAETCA Ha ONMpeAeNieHun BAMSHUS Takoro (aktopa, kak MHHOBaLuM;
KOMOMHMPOBaHHBINA, CcodYeTaloWwuiA B cebe TeopuM HeckorbkiX MoAxodoB. [lpoaHamu3MpoBaHO COOTHOLIEHWE MOHATWA  «CPaBHUTENbHbIE
NPenMyLLECTBa», «KOHKYPEHTHbIE MpeuMyLLecTBa» UM «KOHKypeHTocnocobHocTb». [puBegeHa knaccudukaums — aktopoB  obecneyenns
KOHKYPEHTOCNOCOBHOCTM MO Pa3nnyHbIM MPU3HaKaM: OCHOBHbIE 1 Pa3BuTbIe, 06LLME M CreLanuanpoBaHHble, ECTECTBEHHbIE U CO3AHHbIE; BHELLIHWE
W BHYTPEHHWE (haKTopbl; B 3aBUCMMOCTY OT LIENEBOT0 Ha3HaYeHNs Co3aBaeMoro NpoAyKTa Tpyaa; akTopbl ycrnexa v apyrue.

KnioueBble cnoBa: KOHKYPEHTOCTOCOBHOCTb, MOAXOM, TEOPHS, KOHKYPEHTHbIE NPEUMYLLECTBA, (DAKTOPbI, OpraHN3aLus.

Introduction needs in conditions of limited resources, the competitiveness of an enter-

Competitiveness is a complex indicator showing the combined ex-
pression of many factors — from the sustainability of the national economy
to the ability to plan and manage the business process of production
within the enterprise. In the modern economy, the category of "competi-
tion" reflects the essence of the laws of market relations, but its modern
understanding has other aspects: organization, interdisciplinary, complex-
ity, multi-level, interconnectedness, etc. In general, competition manifests
itself only in the process of competition and market relations and is char-
acterized by the competitive advantages of the object under study, i. e.
the level of satisfaction of customer needs in comparison with similar
products on the market. Based on the satisfaction of personal and social

prise allows it to make a profit and develop. The competitiveness of an
enterprise is determined by the presence of competitive advantages in
comparison with other business entities, i. e. superiority of competitive-
ness in the field of efficiency of activities, management, quality of goods
and services, competence and professionalism of personnel. If increasing
competitiveness is the goal, then competitive advantages are the means
to achieve the goal. Practice, first of all, focuses on ensuring competitive
advantages of enterprises and goods.

A significant number of scientific, theoretical and applied works are
devoted to the study of the problems of analysis and management of
competitiveness of enterprises. Such authors as N.|. Berezov,
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M. Sh. Gabibov, A. S. Golovachev, I. M. Lifits, N. V. Nemogay,
R. A. Fatkhutdinov and others made a significant contribution to the for-
mation of theoretical and methodological approaches to the analysis and
management of competitiveness of enterprises.

Methodological issues of assessing and managing the competitive-
ness of enterprises are studied in the works of scientists E. A. Andreeva,
I. 1. Butsenko, O. A. Dumchina, M. |. Tertyshnik and others.

Despite the large number of scientific works devoted to the problems
of ensuring the increase of the competitiveness of an organization, the
following issues remain insufficiently studied in the scientific and practical
literature: management of competitiveness and competitive advantages,
problems of analyzing the competitiveness of business entities, the use of
digital technologies in ensuring the increase of the competitiveness of
enterprises, etc.

Analysis of approaches to defining the essence of the concept
of “competitiveness of an organization”

In economic literature, there are different approaches to interpreting
the concept of "competitiveness of an organization". This category re-
mains multifaceted and does not have a universal definition. Studying the
essence of competitiveness allows us to determine its role and place in
competitive relations. The concept of "competitiveness" is embedded in a
number of economic theories, which are classified in economic literature
in terms of five approaches (Table 1) [1, 2, 3, 4, 5].

Table 1 - Basic approaches to defining the concept of “competitive-
ness”

Approach Theories

Resource A. Smith's theory of absolute advantage (1776);

D. Ricardo's theory of comparative advantage (1817);

E. Heckscher and B. Ohlin's theory of the relationship
between production factors (1918-1933);

P. Samuelson's theory of price equalization for produc-

tion factors (1948)

Management | The national economy system of F. List (1841);
The growth pole theory of F. Perroux (1950);
The “balanced scorecard” model of R. Kaplan and

D. Norton (1992)

Investment | The theory of "new growth" by P. Romer and "human
capital” by R. Lucas;

The eclectic OLI paradigm of J. Dunning (1981-1993)

Innovation | Theory of economic development by J. Schumpeter
(1912);

Theory of economic growth factors by J. Kendrick,
E. Denison, R. Solow (1957-1969);

The concept of intellectual leadership by G. Hamel and
K. Prahalad (1994);

Theory of ecosystems and coevolution by J. Moore
(1996);

Theory of complementary factors by R. M. Kanter;

Blue ocean theory by K. Chan (2007).

Combined  |Mercantilist theories (15th—18th centuries);

German historical school — W. Roscher, B. Hildebrand,
K. Knies, G. Schmoller, J. Brentano (1852);

Theory of industrial regions (specialized production)
A. Marshall (1890);

Theory of national competitive advantages M. Porter
(1990);

Model of the art of dominance and creation of competi-
tive advantages M. Tracy, F. Wiersema (1995);

Theory of co-competition A. M. Brandenburger and
B. J. Nalebuff;

Concept of sustainable development (2002)

. 1. Butsenko in his work “Competitive Advantages: Theoretical As-
pects” [6] writes that “representatives of the resource-based approach
(A. Smith, D. Ricardo, E. Heckscher and B. Ohlin, P. Samuelson) focused
on the fact that the basis for forming a company’s competitiveness is the

study of production factors. Factors that contribute to increasing the com-
petitiveness of countries are their competitive advantages. Representa-
tives of the management approach (F.List, F. Perroux, R. Kaplan,
D. Norton) paid special attention to the analysis of additional influencing
factors, namely, effective government policy and the influence of govern-
ment regulation” [6].

The basic assertion of the investment approach (P. Romer, R. Lucas,
J. Dunning) ‘is a fundamentally new hypothesis of economic growth,
within the framework of which scientific and technological progress was
considered as an endogenous factor. The main factor of both economic
growth and the formation of competitive advantages is the direction of
investment resources into scientific, technical and human capital. Theo-
ries have proven that a country that has so-called "ownership ad-
vantages" attracts foreign investment, and "location advantages" and
"internationalization advantages" create favorable conditions for national
investors abroad" [6].

The main provisions of the innovation approach — not everything in
the formation of the competitiveness of economic entities and nations can
be explained by the productivity of production factors. The study of
growth factors is based on the definition of a significant influence of such
a factor as innovation. Representatives of this approach (J. Schumpeter,
J. Moore, R. M. Kanter, K. Chan and others) believed that at the "microe-
conomic level, innovations can ensure the growth of production profitabil-
ity, and within the boundaries of the national economy — stimulate the
transition of the economic system to a new equilibrium position, thereby
ensuring its development. Particular attention is paid to the emergence of
a new component of the competitive position - intellectual competitive
advantage. Competitive advantage is considered as a derivative of hu-
man thinking: those who are unable to change their paradigm and do not
become bearers of the newest will not be able to win in the future com-
petitive struggle" [7].

In general, scientists consider competitiveness from the point of view
of the formation of sources, determination of its qualitative and quantita-
tive characteristics and proposals for the formation and maintenance of
competitive advantages. Each author brings his own perspective depend-
ing on the objectives of the research.

V. N. Belkin notes that "the evolution of the concept of "company
competitiveness" was initially considered from the point of view of cost
savings. Since the mid-19th century, more attention has been paid to
resource conservation. In the 20th — 21st centuries, knowledge and intel-
lectual potential came to the fore" [2].

Based on the above approaches to the interpretation of the economic
category of "competitiveness of an organization", we can conclude that
there is no single approach to the interpretation of the concept. Depend-
ing on the angle from which the term "competitiveness” is considered, we
can only highlight the key elements of analysis and the search for
sources of their formation.

A. S. Golovachev interprets this concept as follows: "Competitive-
ness is a real value that a business entity has, and which ensures its
superiority over competitors" [8].

Competitiveness has a hierarchy and can relate to:

— aproduct;

— a functional area of activity (research, production, management,
marketing, etc.); — to the enterprise, industry, region, country’s economy,
society as a whole.

The question of the relationship between comparative and competi-
tive advantages and competitiveness remains open: from essential com-
parative advantages — through certain competitive advantages — to com-
petitiveness criteria (Table 2).

Competitiveness in a market economy is a direct characteristic of an
economic entity. As M. Sh. Gabibova notes, “competitive advantage and
competitiveness are closely interconnected and complementary con-
cepts, the essential symptoms of which are that competitive advantages
are a factor condition of competition, and competitiveness is the level of
success achieved in the competitive struggle” [9].

Accordingly, the essence of competitiveness is defined as “a set
(unique combination) of differentiated real or potential factors capable of
influencing the achievement of success in the competitive struggle, de-
termining the competitive behavior of economic entities” [9].
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Table 2 — The relationship between the concepts of “comparative advantages”, “competitive advantages” and “competitiveness”

Comparative
advantages

Competitive advantages

Competitiveness

Abstract category, used to characterize the ad-
vantageous position of one market entity com-
pared to another, which gives it the opportunity
to win in the competitive struggle

The result of the existence of comparative ad-
vantages, a concept that corresponds to real
market practice, is linked to real market opportu-
nities (relative to costs or differentiation) and
therefore takes on a concrete practical form

The form of realization of competitive
advantages, the result of the search and
use of new opportunities by a market en-
tity

Essential concept

It represents a real manifestation of the essence,
characterizes the conditions of market behavior

Expresses the result of the market be-
havior of the subject

To identify comparative advantages, relative
characteristics of the efficiency of using produc-
tion factors are used

It is expressed in specific indicators that can be
taken into account and quantified (availability of
a cheaper resource, economies of scale, the
presence of a product of special quality), which
indicates a certain source of a leading position

An empirical category that has certain
quantitative indicators

There are many approaches to defining the essence of the term
“competitiveness’, which has led to the emergence of various classifica-
tions. One of the classifications is given in the work of A. A. Sergeev
“Strategic approach and methodology for managing the competitiveness
of an organization” [10], the main criterion of which is “a basic agreement
that determines the nature of the source of competitiveness:

1. Competitiveness based on innovation.

2. Competitiveness based on economic factors.

3. Competitiveness based on regulatory and legal acts exists by vir-
tue of laws, regulations, special privileges and other decisions of govern-
ment and management bodies.

4. Competitiveness of a structural nature.

5. Competitiveness caused by administrative measures.

6. Competitiveness determined by the level of development of the
market infrastructure.

7. Technical (technological) competitive advantages.

8. Competitiveness determined by good information.

9. Competitiveness based on demographic factors.

10. Competitiveness based on geographic factors" [10].

Based on the results of examining the essence of the concept of
"competitiveness of an organization”, we can conclude that it is a system-
forming category that acts as a driving force for the development and
formation of competitive relations. On the one hand, the state of competi-
tiveness is achieved through the possession of a competitive advantage,
which acts as a factor of competitiveness. On the other hand, a competi-
tive advantage is an object of competition and can be achieved in a com-
petitive struggle. In general, the economic nature of the category of
"competitiveness of an organization" is expressed in the fact that it can
simultaneously act as a means and a consequence of competitive strug-
gle and arises where there is competition.

Factors ensuring competitiveness

M. Porter classifies factors of competitiveness into: "basic and devel-
oped, general and specialized, natural and created" [11].

Basic factors are natural resources, climatic conditions, geographical
location of the company, labor force.

Developed factors are a modem infrastructure for information ex-
change, highly qualified personnel and research institutes, departments
of universities engaged in high-tech areas.

General factors can be used in a wide range of industries, they, as a
rule, provide competitive advantages of a limited nature, and are availa-
ble to organizations in many countries. A competitive advantage based
on a combination of basic and general factors is a lower-order advantage
that is short-lived and unstable.

Specialized factors are factors used in one industry or in a limited
number of industries, they form a long-term basis for ensuring the com-
petitiveness of an organization.

Natural factors are related to lower-order factors.

Created factors are an accumulation process, i. e. Each generation
inherits factors from the previous generation and creates its own, adding
them to the previous ones.

When classifying factors ensuring competitiveness, external and in-
ternal factors are distinguished. External factors are considered in the
light of state influence of both an economic nature and administrative
measures. These actions "determine the formal rules for the activities of
business entities in the national or global market" [12].

As V. V. Timofeev notes, "the most significant external factors ensur-
ing the competitiveness of a company are:

—  competitive environment and level of competition, degree of
privatization of enterprises in the industry;

- competitiveness of the industry;

—  characteristics of demand for the company's goods (services)
(size and dynamics of demand, market requirements for price and quality
of goods, elasticity of demand for price and income level);

- development and competitive advantages of those industries
(enterprises) that provide the analyzed company with the necessary re-
sources, materials and information tools;

— random events (technological breakthroughs, fluctuations in
resource prices, significant changes in global financial markets, political
decisions of their own and foreign governments);

—  economic and organizational-administrative forms and methods of
state regulation of the behavior of producers in the industry and buyers” [13].

Internal factors of ensuring the competitiveness of an organization
are characterized by the potential capabilities of the company itself to
ensure its own competitiveness. According to T. I. Marchenko, “this is the
potential of marketing services, scientific and technical, production and
technological, financial and economic, personnel, environmental; the level
of design and technological preparation and development of production
processes; the level of material and technical support, storage, packag-
ing, transportation of goods; the effectiveness of production control, test-
ing and inspection; the level of provision of commissioning and installa-
tion work; the level of technical, service and warranty service, the effec-
tiveness of advertising” [14].

Factors of ensuring competitiveness can be classified depending on
the intended purpose of the created product of labor. According to
U. D. Namyslov, the competitiveness of enterprises producing consumer
goods is “influenced by the following factors:

— commercial conditions (the ability of an enterprise to provide cus-
tomers with consumer or commercial loans, discounts from the list price,
the return of goods previously purchased from the enterprise that have
used up their economic resources; concluding barter transactions));

— organization of a distribution network (location of a chain of stores
and supermarkets in a place accessible to a wide range of customers,
display of products in the company’s showrooms and demonstration
halls, as well as with trade intermediaries, at exhibitions and fairs; the
effectiveness of advertising campaigns; influencing customers through
public relations);

— organization of technical maintenance of products (increasing the
volume of services provided and the terms of warranty repairs; reducing
the cost of post-warranty service);

— providing consumers with information about the enterprise (facts
confirming reputation, information about the range of products and ser-
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vices, advertising of the trademark as a means of attracting the attention
of buyers to the product);

— taking into account the impact of the market situation on the posi-
tion of the enterprise” [15].

Success factors are indicators of competitive advantages, which, ac-
cording to A. Strickland and A. Thompson, “include:

— product quality;

— reputation (image) of the organization;

— production capabilities;

— technological level;

— dealer network (distribution system);

— marketing and advertising;

- financial stability of the organization;

- relative cost position;

— customer service” [16].

According to M. Porter, the factors of a company's competitiveness
"are the four main determinants of the diamond: company strategy; struc-
ture and competition; production factors; demand and the presence of
competitive related or adjacent industries and enterprises” [17].

The factors of production that determine the competitiveness of or-
ganizations in the industry can be represented in the form of the following
groups: labor resources; physical resources; knowledge resources; mon-
etary resources; infrastructure.

The classification of factors of a company's competitiveness devel-
oped by R. A. Fatkhutdinov is of practical significance, "which includes
the following groups: structural; resource; technical; managerial; econom-
ic and financial" [18].

The factors of an organization's competitiveness contribute to the
transformation of its capabilities into reality. They determine the means
and methods of using reserves to increase the company's competitive-
ness. But "the presence of the factors themselves is not sufficient to en-
sure competitive advantages. “Obtaining a competitive advantage based
on factors depends on how effectively they are used and where, in what
industry, they are applied” [19].

Thus, the main areas of ensuring competitiveness are: increasing the
efficiency of innovative activities of organizations, ensuring resource
potential and its effective use to achieve set goals, introducing new pro-
duction technologies, ensuring energy and resource conservation, devel-
oping and implementing a strategy for finding and maintaining competitive
advantages, which will allow the organization to create a certain superiori-
ty over its direct competitors [20, 21].

Conclusion

A study of scientific literature allows us to conclude that the competi-
tiveness of an organization is a complex economic concept that does not
have a single acceptable, comprehensive description that would satisfy
all stakeholders. Each author, depending on the goals and objectives of
the study, the nature of the object to which this concept relates, and the
requirements of market participants, gives his or her own definition of the
competitiveness of an organization. Competitiveness is considered: at the
level of goods and enterprises — microcompetitiveness, at the level of
individual industries — mesocompetitiveness, at the level of the national
economy of the country — macrocompetitiveness. Moreover, there is a
close external and internal dependence between the concepts of these
three levels. The competitiveness of an organization is its ability to suc-
cessfully confront competitors in the market and occupy a stable position,
ensuring profitability and growth. It is not a static indicator, but is dynami-
cally formed under the influence of many factors, including the efficient
use of resources, the development and implementation of competitive
advantages. Competitiveness is based on skillful management of all as-
pects of the organization's activities: efficient use of labor resources,
financial resources, intellectual property, information; optimization of the
use of material resources; increasing the level of technological equipment
of production; implementation of automated systems for managing tech-
nological processes; reduction of the cost of production due to optimiza-
tion of production and implementation of lean manufacturing tools, etc.
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