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Abstract. The building of the current Music Theatre at 2 Mezhigorskaya Street, formerly the
House of Culture or the Kharchovyk Club, is a prominent landmark on Kontraktova Square in Kyiv. It
was built in the 1930s according to a design by the renowned architect Mykola Oleksandrovych
Shekhonin. However, existing images show a noticeable difference between the final appearance of the
building and the original design, although the latter was initially used. In printed publications that
examine in detail the history of the construction of the former Kharchovyk Cultural Centre, this
circumstance is either ignored or perceived as a normal working episode. Meanwhile, the facts show that
construction was suspended at the final stage and part of the structures was redesigned, changing the
appearance of the building. We have reason to believe that this unusual situation should be considered
primarily in the context of the evolution of the Bolshevik leadership's attitude towards artistic forms at
the time, in particular, the use of the constructivist style in the development of Soviet cities, which was
initially perceived as the most "revolutionary" and then subjected to persecution. Based on this
understanding of the changes to the building, an attempt has been made to reconstruct the course of
events, examine the most characteristic features of M. Shekhonin's original design, and recreate the lost
layout of the upper floors of the Kharchovyk Cultural Centre. It also shows the techniques the author of
the project was forced to use in order to move away from the constructivist solution for the facades and
volume of the building in the direction of "Soviet Art Deco" (later, during the restoration of the building
in the late 1970s, the relevant elements were largely removed). The research materials allow us to
conclude that the building of the former Kharchovyk Cultural Centre became a telling example of the
direct intervention of ideological guidelines into architectural creativity at a certain historical stage.

Keywords: Art Deco, constructivism, reconstruction, workers' clubs, totalitarianism, Shekhonin M.

Introduction. The object of consideration is the former House of Culture (or club) "Kharchevnik™,
built in the Petrovsky (Podilsky) district of Kyiv as a centre for cultural and educational work for food
industry workers (now the premises of the Music Theatre at 2 Mezhigorskaya Street). The building under
study is located in the central part of the historic Podil district, is part of the development of the ancient
Kontraktova Square, and is located next to the Baroque building of the Kyiv-Mohyla Academy (18th
century) and the classicist Kontraktova House of the 1810s. In this distinguished setting, the former
Kharchovyk Cultural Centre was intended to represent the constructivist architecture of the 20th century.
However, its exterior underwent numerous transformations, and the history of its construction remains
unclear. A series of available images shows that at the initial stage of construction, the building was
erected in accordance with the original constructivist design by architect M. Shekhonin, but later its
construction was suspended and resumed with a modified facade design.

Analysis of recent publications. The former Kharchovyk House of Culture occupies a
prominent place in one of the most researched complexes of Kyiv's architecture. It has been
mentioned more than once in literature. However, there are noticeable discrepancies, in particular,
differences in the dating of the building. For example, the 1958 edition of the Kyiv guidebook states
without further explanation that the building (then the Kyiv Palace of Culture of the Food Industry
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Workers' Union) was built in 1933 [11, p. 153]. It should be noted, incidentally, that the protective
plaque installed on the facade of the building as a result of its recognition as an architectural
monument in 1986 contains the date "1933—-1934".

Art historian Viktor Moiseenko, author of an article about the Kharchovyk club in the
Compendium of Historical and Cultural Monuments of Ukraine, believed that construction of the
building lasted from 1931 to 1933. Analysing the architectural design, he wrote nothing about the
differences between the preliminary project and the final result and described the monument at
2 Mezhigorskaya Street as "a rare example of a public building from the transitional period between
constructivism and Soviet neoclassicism" [12].

Dmytro Malakov, a researcher of M. Shekhonin's biography and local historian, also claimed
that the building was completed in 1933 (although he dated the start of construction to 1929). He
stated: "While the original design of the building remained unchanged, significant changes were made
during construction. For example, the right-hand corner cubic volume was increased by one floor,
and the balconies here, instead of the solid concrete barriers provided for in the project, were given
transparent metal inserts, which visually and physically reduced the weight of the structure. The
facade of the left wing on Mezhigorskaya Street also changed. The central, convex part of the facade
was deprived of the upper tier of windows provided for in the project. However, the overall
architectural image of the building remained as innovative and very expressive as before" [9, pp. 155,
156]. In other words, it can be understood that M. Shekhonin made significant changes to the project
"in the course of work", apparently with the aim of enhancing the expressiveness and visual appeal
of the building. D. Malakov also provided a number of interesting photographs, in particular from M.
Shekhonin's author's album, but some of them were inaccurately dated, which made it difficult to
imagine the actual course of events.

Semen Shirochin, author of a number of publications and books on the architecture of interwar
Kyiv, recalls the Kharchovyk club and provides the most reliable dating of its construction. He
examines the title lists of Kyiv construction projects for various years, starting with 1930, and notes
that before 1935, an additional 300,000 rubles were allocated for the construction of the Kharchovyk
club, and dates the completion of the work to the end of 1935. His article is also illustrated (some of
the illustrations are borrowed from D. Malakov), but again, not all of the dates of the images are
accurate, and S. Shirochin, like V. Moiseenko, does not pay attention to the discrepancy between the
architect's original idea and its final implementation [16, pp. 293-297].

Among the sources reviewed, only the historical and architectural reference to the restoration
and repair project "Restoration of the Kyiv Opera Theatre" (2020) notes that changes to the exterior
of the building during construction were made "due to the influence of Soviet ideologues, who
imposed contradictory assessments of architectural creativity in different years". The author of the
reference cites a critical publication from 1933 (by M. Kholostenko), which most likely led to the
departure from the original project [5]. To develop these ideas further, it would be worth analysing
the specific content of the changes that took place at this stage (D. Malakov does not cover them
fully) and trying to explain the lost solutions for the facades and plans. This would allow us to better
understand the creative approach of the outstanding architect M. Shekhonin to constructivist design,
as well as provide some "food for thought" given that the renovation and restoration work at the Music
Theatre (or "Kyiv Opera") has not yet taken place.

The aim and objectives of the study: to reveal the influence of prevailing ideological attitudes
on architectural creativity in Soviet times, to examine the forced alterations to the exterior of the
building under study as a result of politicised criticism, and to identify the most characteristic lost
features of the original design concept.

Research methodology: comparative analysis and reconstruction of events.

Main material. Constructivist architecture spread throughout Ukraine in the 1920s and found
its most vivid expression in the then capital of Ukraine, Kharkiv. In Kyiv, it was actually introduced
in 1927 (earlier, construction work here consisted primarily of overcoming the severe destructive
consequences of numerous coups and hostilities during 1917-1920). Constructivism found many
supporters not only for creative reasons, but also for ideological ones. It was perceived as a "new
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style", a "revolutionary style", a rejection of "outdated bourgeois art", and adherence to it was actually
presented as a sign of loyalty to the political course and "Marxist-Leninist doctrine". This was also
mentioned in the manifestos of architectural groups of the same orientation, in particular, the TSAU
(Society of Contemporary Architects of Ukraine). The young architect Mykola Kholostenko took an
active part in the founding of the latter [10, p. 75].

The manifestos proclaimed the voices of the new generation ("New Generation" was the name
of the literary and artistic association and magazine of "leftist" adherents with whom M. Kholostenko
collaborated). However, in practice, the leading authors of constructivist architecture in Kyiv were
specialists born in the 1870s—1880s. This was a generation that included architects with considerable
pre-Soviet achievements: P. Alyoshin, O. Verbitsky, V. Krychevsky, V. Osmak, V. Rykov, and others.
Among them was Mykola Oleksandrovych Shekhonin (1882—1970), who had already built a number
of notable buildings in Kyiv during the 1900s and 1910s. All these masters creatively embraced the
"new style", seeing in it the opportunity to introduce simple, "clean" forms and rational, logical
compositions based on modern technology and materials, unshackled by templates. At the same time,
experienced architects took into account the existing urban development with its peculiarities and
traditions.

This was precisely what M. Shekhonin sought to achieve when he prepared the design for the
Kharchovyk club on Chervona (Kontraktova) Square, commissioned by the trade union of workers
in the meat and fish canning industry. When constructing a fairly large public centre on the site of an
old estate destroyed in 1919, he did not try to visually diminish the existing historical buildings. On
the contrary, according to his plan, the main masses of the Kharchovyk were stretched horizontally,
with a fragmented front, and the most massive volume (the stage box on the side of Mezhigorskaya
Street) was "pulled up" to the previously built local dominant feature — a six-storey apartment building
at 6 Spasskaya Street. In general, the building, following the then common models of workers' clubs,
was divided into two functional volumes — a club and a theatre, which were oriented along the modern
Hryhorii Skovoroda and Mezhigirska Streets, respectively. They were connected by an intermediate
cylindrical space that opened directly onto Kontraktova Square. On its first floor was a lobby, above
which was a round hall for club activities and dancing.

Construction of the club began in 1930. This can be judged not only from the title lists reviewed
by S. Shyrochyn, but also from that year's guidebook, which reported on the ongoing construction
according to M. Shekhonin's project [6, p. 588]. The 1932 edition included a project image (Fig. 1),
which formed the basis for the work being carried out [1, p. 125].

Wﬁ:‘?ct' '* - O
f the Kharchovyk

5

club. 1931-1932

Fig. 1. M. Shekhonin. Initial design of the facades o
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In early 1933, a photo of the new building appeared in the press (Fig. 2), the construction of
which seemed to be nearing completion [15, p. 7]. The material embodiment basically corresponded
to the author's idea. Some changes were made to the corner part on the side of the modern Hryhorii
Skovoroda Street. D. Malakov believed that during construction, "the right corner volume grew by
one floor" [9, p. 155], but in fact its height did not increase; only the area of the window opening was
adjusted and another balcony was added.

Both the project and the photo allow us to see certain features of the building that were later
removed and not restored. These are primarily the cylindrical intermediate volume and the theatre
part. The cylindrical surface on the side of the square was to be completely "dematerialised" by
openings. During the day, the round hall received natural lighting from two sources, while the cylinder
acquired a stepped structure. The presence of a dome above the chain of windows was reminiscent of
the tradition of Byzantine sacred buildings, long known in Kyiv. The facade along Mezhigorskaya
Street was impressive in its richness and dynamism. Its appearance was determined by the stepped
boxes of the second tier of the auditorium. All the boxes corresponded to the stepped, well-lit foyers
leading to the facade, as well as the adjacent loggias. It seems that the author of the project took into
account that the auditorium could be used both for performances and concerts, as well as for festive
or working meetings of trade union members. With this in mind, the foyers and loggias next to the
boxes became a kind of lobby where people could communicate and exchange ideas during events.
In general, the project provided for a significant number of balconies and loggias, which allowed
visitors to take "smoke breaks" or breathe fresh air. From an architectural point of view, all this
brought the new building closer to historical buildings in terms of scale.
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Fig. 2. Construction of the Kharchovyk club in its original form. Publication from 1933
However, starting in 1933, a campaign unfolded in Kyiv that ultimately revised previous
creative explorations in architecture. It became one of the manifestations of the infamous social
processes of the Stalinist totalitarian era. These processes instilled a spirit of unanimity and obedience
among the general public, promoting the "only correct" opinion of the leadership. Any free discussion
was suppressed, especially against the backdrop of the stark contrast between optimistic declarations
and acute socio-economic problems, which found tragic reflection in the Holodomor of 1932—-1933.
At this time, architecture was once again transformed into the material embodiment of the
prevailing ideological attitudes. The personal tastes of the "leader of the peoples" and his entourage,
who preferred conservative forms and external pomp, played a decisive role. Instead of creative
exploration, architects once again had to submit to established guidelines. It was as if the workers
were being given back the adornments that had been "stolen by the formalists". Any objections were
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interpreted by official propagandists as a "class-hostile" position, which was very dangerous in the
context of unfolding political repression.

Taking into account the aforementioned realities, the events in Kyiv architecture in the 1930s
become understandable. One of the "first warnings" was a publication in the magazine Socialist Kyiv,
a review of local new buildings with the telling title "Against simplified schematism — for the joyful
architecture of built socialism. That's right! The practice of urban construction and the tasks of Soviet
architects in Kyiv". In it, new buildings were criticised for being "mainly constructed in the form of
simplified schematism, the so-called 'new style' or in the style of simplified modernism of pre-
revolutionary apartment buildings in Kyiv from 1910-1914. (the latter two types are most common
in Kyiv), and they also reflect the influences of contemporary Western architecture — the architecture
of rotten capitalism and echoes of Soviet constructivism". Combining all manifestations of "hostile
architecture" in such a not very clear period, the author expressed corresponding claims to a number
of specific objects. Among them was the Food Industry Club, which was described as "architecturally
unsatisfactory, with unfavourable proportions". The publication hinted at the personal responsibility
of the architects for the alleged mistakes, since "the opportunities and conditions for the project's
authors were favourable" [14, pp. 11, 13]. It is very telling that the author of the aforementioned
article was none other than M. Kholostenko, the recent ideologist of Ukrainian constructivism. In
those difficult times, some people felt it necessary to "change their shoes" as quickly as possible and
protect themselves with the help of "correct" statements.

The condemnation of the constructivist movement became even more active in 1934, when
Kyiv regained its status as the capital of Ukraine. From then on, Kyiv's architecture set the tone and
became a model for the entire republic. "Correcting mistakes" went as far as direct intervention in the
physical structure of buildings. In an article by M. Kalnytsky for the publication "The Architecture of
Kyiv 1921-1932" gives examples such as the Zhovten cinema, this was «redressed» with new
facades, or the Jewish theatre on Khreshchatyk, which was left unfinished and eventually demolished
due to the frantic search for appropriate forms. The most striking example was the fate of the "building
of institutions" on the corner of what are now Bohdan Khmelnytsky Street and Khreshchatyk Street,
which was started in 1932 and largely built in a distinctly constructivist style. Its builder, incidentally,
was M. Kholostenko, who was not helped by enthusiastic publications. The building was completely
demolished; in its place, the Central Universal Store (TSUM) was later built [4, pp. 15, 16]. To these
examples, we can add the constructivist building of the former Zootechnical Institute, designed by
D. Dyachenko [1, p. 118; 14, p. 13], which was eventually rebuilt with "enriched" facades (now the
National University of Life and Environmental Sciences).

As for the Kharchovyk club, it became an example of facade and floor plan transformations
directly during construction, due to the extension of its terms. What were the main changes?

The cylindrical volume was simplified, the stepped structure was removed, and the diameter of
the dome was increased accordingly. The second-light windows were eliminated, leaving a blank
surface on the facade, divided by vertical blades. The ring balcony on the third floor lost its exit to
the outside.

On the side of Mezhigorskaya Street, the small volumes of the local foyers and adjacent
balconies were completely removed. Subsequently, the stepped lodges, which had already been
completely completed inside [9, p. 153]), were converted into horizontal balconies with a common
foyer. Times had changed, and there was no need for independent communication between event
participants — everyone had to show unanimity and vote "yes". Instead, a completely ordinary facade
with regular, paired windows was built on the street side.

Subsequently, the composition of the facades of the former Kharchovyk club did not undergo
any fundamental changes — only the details differed. Immediately after the reconstruction, in 1935—
1936, relatively few elements were added (primarily cornices, blades and four pylons under the
cylindrical balcony), as evidenced by the photograph in Fig. 3, published in 1936. [8, p. 15].
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Fig. 3. The Kharchovyk Club after th-ﬁrét stage of ecostructo. ulishéd in 1936

However, over time, the "enrichment" of the building's exterior became quite pronounced. By
the end of the 1930s, additional Art Deco elements had been added: patterns on the plaster, balustrades
above the cornice, balusters in the balcony railings, and in some places, cornices and mouldings. All
this can be seen in the photograph in Fig. 4, published in 1939 [13, p. 21]. Since then, the Kharchovyk
club no longer aroused suspicion of formalism. This was further facilitated by the interior design,
which was carried out at different times in accordance with the requirements of socialist realism (in
particular, the ornamental and decorative decoration by the artist H. Dovzhenko, 1956-1957 [2, pp.
10, 14]). Thus, the building acquired eclectic features, although the overall spatial design testified to
the high professionalism of the author.

Fig. 4. The Kharchovyk Club after the second stage of transformations. Publication from 1939

However, later, in the 1960s and 1970s, attitudes towards the domestic heritage of
constructivism changed for the better. Certain principles of this movement were revived in the
architecture of "Soviet modernism," particularly in the work of such Kyiv architects as E. Bilsky, M.
Budylovsky, A. Miletsky, N. Chmutina, F. Yuryev, and others. In line with these preferences, at the
end of the 1970s, it was decided to reconsider the decoration of the facades of the public building at
2 Mezhigorskaya Street. During the repair and restoration work under the direction of architect O.
Grauzy, decorative layers were removed from the front facades (they were partially preserved at the
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rear of the building). Clean geometric volumes, smooth texture of plastered surfaces, and clear
outlines of openings were restored.

After the transformation, the former Kharchovyk House of Culture was renamed the Slavutych
Palace of Culture; during 1980—-1985, performances of the Variety Theatre took place here [3, pp. 24,
25]. In 1993, the building ceased to be under departmental control and was given the status of the
Kyiv City Arts Centre "Slavutych". Later, in 1998, the Kyiv State Music Theatre for Children and
Youth began performing in the building. This was preceded by the reconstruction of the main hall
with the installation of an orchestra pit. The round hall took on the appearance of a chamber stage
with an amphitheatre. Thus, the existing interior layout took into account the functional changes of
different periods. Since 2024, the official name of the institution located at 2 Mezhigorskaya Street
has been the Kyiv Municipal Academic Opera and Ballet Theatre, abbreviated as the Kyiv Opera [7].

The current exterior of the building (Fig. 5) was mainly determined by the renovation and
restoration work carried out in the 1970s. However, there are still some problematic areas related to
past violent interventions. We are referring, in particular, to the extremely bland facade of the main
hall on Mezhigorskaya Street and the dull, monotonous surface of the cylindrical volume at the level
of the upper tier (currently decorated with the inscription "Music Theatre"). In view of this, an attempt
has been made to reconstruct the original author's vision of the appearance of the plans and facades
of the building (Fig. 6) in order to better understand the ways of restoring this cultural heritage site in
the future.

Fig. 5. The Music Theatre building in its current form. Photo by the author, 2020.

Conclusion. The former Kharchovyk Club in the Podilskyi district of Kyiv was conceived by
its author, the renowned Kyiv architect M. Shekhonin, as an expressive work of constructivist
domestic architecture. It met functional needs well, used clear geometric forms, and at the same time
was consistent in its volumetric and spatial characteristics with the historical buildings of Kontraktova
Square. However, during its construction, processes related to totalitarian pressure on architectural
creativity were actively unfolding in the country's public and political life. This led to significant
distortions in the planning and design of the building's facades. Some of them were later removed,
but some of the changes proved irreversible. It is necessary to be aware of the complex history of the
building when referring to it as an example of urban architecture of a certain period, as well as when
considering the possibility of restoration work here in the future.
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Fig. 6. Attempt to reconstruct the original design by M. Shekhonin (facade fragments, plans of the
2nd and 3rd floors)
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Anotauisg. Crnopyna HUHIIIHEOr0 My3HUYHOTO TeaTpy Ha BYJ. MEXHUTIpChKii, 2 — KOJIUIITHBOTO
BymHKY KynbTypH a60 Kiy0y «XapyoBHK» — € IOMiTHUM 00’ ekToM Ha KonTtpaxToiii . y Kuesi. Ii
Oyno 3BeneHo y 1930-1 pp. 3a mpoekToM BigoMoro apxiTekropa Mukomu Onekcanaposuya lllexoniHa.
[Ipu npoMy HasiBHI 300pakeHHs MMOKa3ylOTh MOMITHY BIIMIHHICTh OCTAaTOYHOTO BUTJISLY OYy[IBII Bif
MIEPBUHHOTO MPOEKTY, X0ua Crepiry OyB BUKOPHCTaHUM came BiH. Y JPYKOBaHUX IMyOJiKamisx, sKi
JOKJIAZTHO PO3TIISAIAI0Th 1CTOPIt0 criopykeHHs kKomumHaboro bBK «XapuoBuky, miit oOctaBuH1 ab0 He
NPUALIEHO yBar, abo CrpuiHATO ii AK 3BHMYAWHUIA poboumii emizon. Mik TUM (aKkTu 3acBiTUYIOTH
MIPU3YNHHEHHS OyIIBHUIITBA BXKE€ MPAKTHUYHO Ha (IHIMIHIN cTajli Ta MOAabIly MepepoOKy YacTUHU
KOHCTPYKIIIH 31 3MIHOO 30BHILIIHBOTO BUIIISAY CIIOPYJH. MaeMO MiICTaBU BBAXKATH, 110 IF0 HE3BUYHY
CUTyaIlll0 CIiJ pO3MIAJAaTH HacamIepel Y KOHTEKCTI €BONIOIII TOTOYacHOTO CTaBJICHHS
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a TMOTIM MiJJIaHO TOHIHHSAM. 3TiIHO 3 TakuM pO3YMIHHSAM 3MiH OyZiBIl 3po0ieHo crpoly
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TaKoX, SKUMH TpuiloMamu OyB 3MyIIEHHH CKOPUCTATUCS aBTOP IMPOEKTY, abu BIAIWTH BiA
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Abstract. The article presents a comprehensive analysis of international approaches to the
regulatory framework governing accessibility and inclusivity of the built environment from an
architectural and legal perspective. The relevance of the study is driven by the need to reconsider the
current system of Ukrainian state building regulations in the field of inclusion, which, under conditions
of post-war reconstruction, redevelopment of historical environments, and adaptation of public buildings
to contemporary requirements, increasingly reveals the limitations of a purely parametric approach. Itis
demonstrated that architectural accessibility, in its modern understanding, cannot be reduced solely to
technical compliance with regulatory indicators but represents a materialized form of implementing the
principles of equality, human dignity, and non-discrimination within the spatial environment.

The paper examines the provisions of DBN V.2.2-40:2018 in comparison with international
standards and national regulatory documents of selected countries, including 1SO 21542:2021, DIN 18040
(Germany), TEK17 (Norway), Disability (Access to Premises — Buildings) Standards 2010 (Australia),
Approved Document M and BS 8300 (England), the Spanish Building Technical Code (Codigo Técnico
de la Edificacion), and SIST EN 17210 (Slovenia). The analysis focuses on identifying methodological
differences between the parametric regulatory model characteristic of the Ukrainian normative framework
and the scenario-based and performance-based approaches applied in international practice.

The methodological framework of the study is based on comparative legal analysis, a systemic
examination of the built environment, and a scenario-based functional approach to assessing spatial
use by different population groups. The results indicate that there are no fundamental discrepancies
between Ukrainian and international regulatory documents regarding basic geometric accessibility
parameters. However, the key difference lies in the logic of regulation: while Ukrainian state building
norms are primarily oriented toward fixing minimum permissible parameters as compliance criteria,
international standards and national systems of leading countries emphasize the achievement of
functional accessibility outcomes.

The synthesis of international experience substantiates the feasibility of a two-level regulatory
model for inclusivity, which combines mandatory minimum technical requirements as a baseline level
of compliance with the possibility of applying alternative design solutions, provided that their
equivalent or higher inclusive quality is demonstrated. The findings may be used in the process of
updating Ukrainian state building regulations, as well as in architectural design and expert practice
when substantiating inclusive solutions under complex architectural and urban planning conditions.

Keywords: inclusion, accessibility, universal design, state building regulations, scenario-based
functional approach, international standards.

Introduction. In the second half of the twentieth and early twenty-first centuries, provisions aimed
at ensuring the barrier-free and inclusive character of the built environment have evolved from narrowly
specialised technical prescriptions into indicators of the maturity of the legal system and the democratic
character of the state. Architectural accessibility is increasingly understood not as an optional social
feature, but as a materialised expression of respect for human dignity, equality, and non-discrimination.
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It is precisely through the norms of construction and urban planning law that abstract constitutional
principles acquire a spatial dimension — manifested in the dimensions and logic of horizontal and
vertical circulation, and in the ability to use space independently without external assistance.

Comparative analysis of international experience demonstrates that the higher the level of
democratic development of a state, the more systematic and detailed is its regulatory concern for the
individual as a user of space. In democratic legal systems, inclusion is secured not only through
general declarations, but also through binding technical standards, effective enforcement
mechanisms, and the availability of legal remedies in cases of non-compliance. Consequently, barrier-
free design becomes not an "additional convenience”, but a legally guaranteed right, the
implementation of which does not depend on the discretion or goodwill of the client or designer. This
approach fosters a new professional culture in which inclusivity is perceived as a fundamental
qualitative attribute of architectural design.

Despite differences in political regimes and levels of democratic development, even states with
limited democratic institutions seek to demonstrate alignment with contemporary global trends in
human rights and social inclusion. This is reflected in the adoption of regulatory acts and technical
provisions that, at least formally, declare the necessity of ensuring accessibility for persons with
disabilities and persons with reduced mobility. In such legal systems, inclusivity is typically codified
in the form of framework social legislation or general provisions within construction regulations,
which do not constitute a comprehensive system of universal design and are rarely supported by
detailed technical standards or effective enforcement mechanisms. At the same time, the very
existence of such instruments — including laws on the protection of the rights of persons with
disabilities or specific provisions within national building codes — indicates an intention to "keep
pace with modern developments” by integrating the fundamental principles of barrier-free
accessibility into national law, even where their practical implementation remains limited.

In this context, a comparison of Ukrainian state building codes in the field of inclusivity with
international standards and the regulatory practices of selected countries makes it possible not only
to identify technical differences, but also to conceptualise the deeper relationship between
architectural accessibility, democratic institutions, and legal culture as a whole. Within this
framework, inclusion emerges as a spatial-legal category reflecting the degree of state attention to all
segments of the population and their everyday needs.

Analysis of Recent Research and Publications. The issue of ensuring barrier-free
accessibility and inclusivity of the built environment has been extensively examined over recent
decades in the works of international and Ukrainian scholars, as well as within international standards
and regulatory frameworks. A significant body of contemporary research focuses on the concept of
universal design as both a theoretical and practical foundation for the creation of accessible
environments, as reflected in the works of R. Imrie [1], S. Goldsmith [2], and M. Story [3], as well
as in the recommendations of the United Nations and the European Union.

Recent publications in professional architectural and urban planning journals increasingly
emphasise the relationship between inclusion, quality of life, and spatial justice, as well as the
necessity of integrating accessibility principles into the overall design logic rather than applying them
as isolated technical additions.

At the same time, a substantial body of literature is devoted to the analysis of regulatory
frameworks governing accessibility in different countries. International research increasingly
highlights the effectiveness of performance-based and scenario-based regulatory models, which allow
for the reconciliation of mandatory requirements with design flexibility. This approach is reflected in
international standards such as ISO 21542 [4] and EN 17210 [5], as well as in national regulations,
including Germany’s DIN 18040 [6], Norway’s TEK17 [7], the United Kingdom’s Approved
Document M and BS 8300 [8, 9], and Australia’s Disability (Access to Premises — Buildings)
Standards [10]. Within these documents and related academic publications, accessibility is
conceptualised not as a checklist of minimum dimensional requirements, but as the achievement of
functional usability of space for a diverse range of users.

In recent Ukrainian academic publications, the issue of inclusion in construction and
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architecture has been primarily addressed in two main dimensions. First, it is examined as a matter
of social protection and the realisation of the rights of persons with disabilities. Second, it is
considered in the context of compliance with existing national building regulations, particularly DBN
V.2.2-40:2018, including Amendment No. 1 [11]. Within this regulatory-oriented approach, a
significant proportion of publications focus on explaining and verifying the compliance of design
solutions with DBN requirements and on describing specific accessibility elements, such as
circulation routes, ramps, entrance groups, and sanitary facilities. This is evident, in particular, in
works addressing inclusivity in architectural theory and practice (V. Shulyk) [12], applied research
on the design of entrance groups and spatial planning solutions (O. Kovalska; P. Dumnych) [13],
broader typological and urban studies (V. Osychanskyi; A. Dmytrenko; Ye. Yanovytskyi) [14], and
related engineering and safety research that considers the needs of persons with reduced mobility in
evacuation scenarios (M. Peleshko; V. Myroshkin) [15].

In parallel, a growing body of research emphasises universal design as a contemporary framework
for the formation of barrier-free environments (O. Baldyniuk) [16], alongside studies reviewing and
synthesising international approaches (O. Anholova) [17] and examining the application of DBN
requirements to specific building types (Ya.-R. Chernii) [18]. However, despite the accumulation of
applied research, the Ukrainian academic discourse has not yet sufficiently developed a methodological
re-evaluation of the regulatory model itself — namely, the transition from a "catalogue of parameters"
approach toward a scenario-based and performance-oriented understanding of accessibility, compatible
with European standards and the practice of alternative design solutions, provided that an equivalent or
higher level of inclusive quality can be demonstrably achieved.

Thus, despite the existence of a substantial body of research, the integration of a scenario-based
and performance-oriented approach into the national system of building regulation in Ukraine
remains insufficiently developed. In particular, the academic discourse lacks studies aimed at
substantiating mechanisms for reconciling the strict regulatory control function of the DBN with the
possibility of applying alternative design solutions that provide an equivalent level of inclusive
quality. This gap — between formal regulatory compliance and the actual accessibility of space —
defines the subject of the present study.

The results of the research indicate that there are no fundamental contradictions between
Ukrainian and international standards with regard to the basic geometric parameters of accessibility.
The key distinction lies in the regulatory methodology: whereas the DBN is primarily oriented toward
the specification of minimum permissible parameters, international standards and national regulatory
systems of leading countries apply a scenario-based or performance-based approach, in which
parameters are understood as instruments for achieving functional accessibility rather than as ends in
themselves. The scientific novelty of this study lies in substantiating a two-tier regulatory model that
combines mandatory minimum requirements with the possibility of applying alternative design
solutions, provided that their equivalent or superior inclusive quality can be demonstrated.

The practical significance of the obtained results lies in the potential application of the proposed
model in the revision of DBN V.2.2-40:2018, as well as in design and expert practice when
substantiating inclusive solutions in complex architectural and urban planning contexts.

Purpose and Objectives of the Study. The purpose of this article is to substantiate the
possibilities for the evolutionary revision of Ukrainian state building codes in the field of inclusivity
of the built environment by integrating mandatory minimum technical requirements with a scenario-
based and performance-oriented approach to accessibility assessment, based on an analysis of
international standards and national regulatory systems of selected countries.

To achieve this objective, the article addresses the following tasks:

1. To analyse the current regulatory model for ensuring barrier-free accessibility in Ukraine, as
established in DBN V.2.2-40:2018, from the perspective of its parametric logic and regulatory control
function.

2. To conduct a comparative analysis of DBN V.2.2-40:2018 and the international standard 1SO
21542:2021 in order to identify methodological differences in approaches to accessibility regulation.

3. To examine national regulatory systems governing inclusivity of the built environment in
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selected countries (Germany, Norway, Australia, England, Spain, and Slovenia) as examples of
scenario-based and performance-based regulatory models.

4. To substantiate a two-tier regulatory model for inclusion that combines mandatory minimum
requirements with the possibility of applying alternative design solutions.

5. To identify practical directions for applying the proposed model in design and expert practice,
as well as in the process of revising national building codes.

Materials and Methods. The research materials included international and national legal,
regulatory, and technical documents related to accessibility and inclusivity of the built environment, in
particular DBN V.2.2-40:2018 [11], ISO 21542:2021 [4], DIN 18040 [6], the Norwegian technical
regulation TEK17 [7], the Disability (Access to Premises — Buildings) Standards 2010 (Australia) [10],
Approved Document M and BS 8300 (England) [8, 9], the Codigo Técnico de la Edificacion (Spain)
[19], SIST EN 17210 (Slovenia) [5], as well as related methodological and analytical materials.

The methodological framework of the study is based on the comparative legal method, which
enabled the comparison of regulatory approaches to inclusion across different legal systems and the
identification of their common features and distinctions. A systems approach was applied to analyse
the built environment as an integrated set of spatial, functional, and regulatory elements. To assess
the actual usability of architectural solutions, a scenario-based and performance-oriented method was
employed, involving the analysis of circulation routes, manoeuvring, orientation, and the use of key
building functions by different user groups. In addition, formal-logical and structural-analytical
methods were applied to generalise the findings and to formulate conclusions regarding the
possibilities for the evolutionary revision of national building regulations.

Main Body. The current state building codes of Ukraine in the field of inclusivity, in particular
DBN V.2.2-40:2018 [11], are predominantly structured according to a parametric regulatory logic.
Within this framework, accessibility of the built environment is defined through a set of minimum
permissible geometric and technical parameters of the usable space, including ramp gradients,
passage widths, sanitary facility dimensions, door opening parameters, and related characteristics.
Compliance with these parameters constitutes a mandatory condition for obtaining expert approval
and commissioning of a building.

This approach ensures formal controllability and standardisation of design solutions; however, it
has limited capacity to assess the actual usability of space for independent use by diverse user groups.
Within the DBN framework, instruments for scenario-based analysis of building use are largely absent,
and deviations from prescribed parameters — even where functional accessibility is effectively achieved
— are typically interpreted as regulatory violations. This limitation is particularly problematic in the
context of renovation projects, historic buildings, and complex urban conditions.

The international standard ISO 21542:2021 [4] is based on a fundamentally different regulatory
methodology, centred on the concepts of accessibility and usability of the built environment. Unlike
DBN [11], ISO [4] does not reduce inclusivity to a fixed set of dimensional requirements, but instead
conceptualises it as the outcome of a coherent user scenario, encompassing the entire sequence of
spatial interaction — from arrival at the site to the completion of activities within the building as a
user of the built environment.

Comparative analysis demonstrates that there are no fundamental contradictions between DBN
V.2.2-40:2018 [11] and 1SO 21542 [4] with respect to basic geometric parameters. The difference
lies not in the numerical values themselves, but in the logic of their application: whereas DBN
establishes minimum permissible values as fixed compliance criteria, 1SO treats such parameters as
one of several possible means of achieving functional accessibility. Consequently, the standard allows
for alternative design solutions, provided that an equivalent or higher level of inclusive quality of the
built environment can be demonstrated.

Based on the comparison of Ukrainian and international regulatory practices, it is appropriate
to propose an evolutionary model for revising DBN in the field of inclusivity. The essence of this
model lies in the introduction of a two-tier regulatory system. The first tier retains mandatory
minimum technical requirements as a baseline standard of compliance, ensuring the state’s regulatory
control function and providing legal certainty for expert review.
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The second tier provides for the possibility of applying alternative design solutions that deviate
from specific prescribed parameters but achieve an equivalent or higher level of accessibility from
the perspective of user scenarios. Such solutions must be supported by a substantiated demonstration
of functional usability, including safe manoeuvring, independent use, and spatial orientation. The
introduction of this tier would enable the transformation of DBN from a purely prescriptive regulatory
instrument into a framework for the professional assessment of the inclusive quality of architectural
design solutions.

The effectiveness of this two-tier model (mandatory minimum parameters combined with
permitted alternative solutions) is clearly demonstrated in countries where accessibility regulation is
structured not as a rigid catalogue of numerical values, but as a system of accessibility objectives and
verifiable functional outcomes. In Germany, for example, the DIN 18040-1:2010-10 standard [6]
establishes clear minimum geometric requirements for circulation routes, including corridors and
communication spaces that must be sufficiently wide to accommodate wheelchair users and
bidirectional movement, typically with a minimum width of 150 cm, alongside specific provisions
for narrow sections and passing areas. At the same time, DIN incorporates the logic of Schutzziele
(protective or functional objectives), whereby a requirement — such as the perceptibility of glass
walls — may be satisfied through alternative means, provided that the same functional objective of
safety and orientation is achieved. This fundamentally distinguishes the DIN approach from a strictly
parametric interpretation of DBN, as it grants architects the possibility of implementing alternative
spatial or technical solutions, subject to the obligation to demonstrate functional equivalence in terms
of visibility, legibility, and safe passage.

In Norway, a comparable form of functional flexibility is provided by TEK17 (Regulations on
Technical Requirements for Construction Works) [7], where requirements are formulated in terms of
usability and functional accessibility of routes and entrances. For buildings subject to universal design
requirements or accessible residential units, the regulation establishes step-free access, maximum
permissible slopes (not steeper than 1:15), and minimum corridor widths of 1.5 m, with certain
exceptions for short sections. In addition, functional manoeuvring spaces in front of doors (typically
1.5x1.5 m) and other usability-related requirements are prescribed. For the purposes of Ukrainian
comparative analysis, this is particularly significant, as TEK17 explicitly links dimensional
requirements to user scenarios — such as orientation, passing of two wheelchair users, accessibility
of controls, and safety — thereby reflecting a scenario-based and performance-oriented logic that
remains insufficiently developed in DBN, where parametric prescriptions tend to dominate.

A second group of examples demonstrates the integration of inclusivity through the
interconnection of human rights protection, building regulation, and functional standardisation. In
Australia, the relationship between the right to non-discrimination and architectural solutions is
formalised in the Disability (Access to Premises — Buildings) Standards 2010 [8, 9], in conjunction
with the Access Code. This regulatory framework explicitly operates within a performance-based
paradigm: it first establishes a Performance Requirement — for example, sanitary facilities must be
"suitable”, taking into account the building’s function, the number of users, and their needs — and
subsequently defines the Deemed-to-Satisfy provisions, specifying how compliance may be
demonstrated through adherence to particular technical criteria. A similar logic applies to vertical
circulation, where the requirement that "a lift must be suitable for use by persons with disabilities"
defines the intended functional outcome, followed by a set of acceptable technical solutions through
which this outcome may be achieved.

In England (United Kingdom), building regulations are reinforced by governmental guidance
documents. Approved Document M (Access to and Use of Buildings) refers to BS 8300-2:2018 [8]
as a recognised code of practice for inclusive environments and introduces mandatory provisions for
specialised accessibility solutions, including, for example, Changing Places toilets in certain
categories of large public buildings. In this context, inclusivity is not treated as an optional feature,
but as an essential quality requirement of public infrastructure.

The Spanish regulatory model is likewise illustrative, as inclusivity is embedded within the
Codigo Técnico de la Edificacion (CTE) [19]. The Code explicitly permits the use of alternative
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technical solutions, provided that their equivalence to established requirements is adequately
substantiated. At the same time, in the domain of accessibility — particularly with respect to
accessible sanitary facilities — it establishes specific dimensional and functional parameters as part
of a broader system ensuring safety and usability.

Slovenia, in turn, represents the European standards-based framework through SIST EN
17210:2021 (EN 17210:2021) [5]. This standard defines minimum functional requirements for
accessibility and usability and is grounded in the principles of Universal Design. It explicitly
acknowledges its conceptual foundation in ISO 21542 [4] and does not prescribe a single method of
compliance, thereby preserving flexibility for national regulatory systems and technical specifications.

Taken together, these examples reinforce the central conclusion of this study: the most effective
regulatory systems do not abandon minimum compliance requirements, but instead shift the focus of
regulatory control from the verification of fixed numerical parameters to the verification of achieved
functional outcomes. This approach creates a legally structured framework that enables innovative
architectural solutions while ensuring the preservation — and potentially enhancement — of inclusive
quality.

The generalisation of this international experience demonstrates that contemporary European
and Anglo-Saxon regulatory models of inclusivity are oriented toward the functional outcomes of
spatial use, rather than solely toward formal dimensional compliance. This approach constitutes a
relevant and necessary reference point for the further development and modernisation of Ukrainian
building regulations.

Conclusions. The conducted study has established that the current regulatory model for
ensuring inclusivity of the built environment in Ukraine, as defined in DBN V.2.2-40:2018, is
predominantly based on a parametric approach oriented toward compliance with minimum
permissible geometric and technical parameters. While this model ensures formal regulatory control
over design solutions, it has limited capacity to assess the actual usability of space for independent
and safe use by diverse population groups, particularly in the context of renovation, historic
environments, and complex urban planning conditions.

A comparative analysis of DBN V.2.2-40:2018 and the international standard 1SO 21542:2021
demonstrates that there are no fundamental contradictions between them with respect to basic spatial
parameters. The key difference lies in the regulatory methodology: whereas Ukrainian standards
establish parameters as fixed compliance criteria, 1ISO 21542 interprets them as one of several
possible instruments for achieving functional accessibility within a comprehensive user scenario. It
is precisely this scenario-based and performance-oriented approach that enables accessibility to be
assessed not formally, but from the perspective of the actual user experience.

The scientific novelty of this study lies in substantiating a two-tier model for the evolutionary
revision of Ukrainian state building codes in the field of inclusion. The proposed model provides for
the retention of mandatory minimum technical requirements as the baseline level of regulatory
compliance, while simultaneously introducing a mechanism for alternative design solutions,
permitted on the condition that their equivalent or superior inclusive quality is demonstrably
achieved. This approach enables the reconciliation of the state’s regulatory control function with the
necessary degree of design flexibility and professional responsibility on the part of the architect.

The analysis of international experience (Germany, Norway, Australia, England, Spain, and
Slovenia) confirms the effectiveness of scenario-based and performance-based regulatory models, within
which inclusivity is understood as an integral spatial quality rather than a set of isolated regulatory
elements. In these systems, alternative solutions are not only permitted but constitute a legitimate
instrument for ensuring accessibility, provided that defined functional objectives are achieved.

The practical significance of the research findings lies in the potential application of the
proposed model in the preparation of amendments and revisions to DBN V.2.2-40:2018, as well as
in design and expert practice when substantiating inclusive solutions in complex architectural
contexts. Prospects for further research include the development of methodologies for scenario-based
accessibility assessment, the formalisation of criteria for equivalent inclusive quality, and the
adaptation of these tools to the national system of technical regulation in construction.
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ByJ. [lekapcrka, 50, M. JIsBiB, 79010, Ykpaina

AHoOTAaIifA. Y CTaTTi 3A1iCHEHO KOMIUICKCHUN aHaJi3 MI>KHAPOIHUX ITiIXO/IIB IO HOPMATUBHOTO
peryitoBaHHsI 0e30ap’€pHOCTI Ta 1HKIIIO3UBHOCTI IPOCTOPOBOI'0 CEPEIOBUILA 3 TIO3ULIT apXITEKTYPHO-
IPaBOBOi METOOJIOTII. AKTYalbHICTh JOCHI/KCHHS 3yMOBJIEHA HEOOXITHICTIO MEepEeOCMHUCIICHHS
YMHHOI CHCTEMU JEp>KaBHUX Oy IIBEJIbHUX HOPM YKpaiHu y cdepi iHKITI0311, sika B yMOBaX ITiCISIBOEHHOT
B1I0Y/10BH, PEKOHCTPYKIIi ICTOpUYHOI 3a0yZ0BU Ta ajamTalii rpoMaJchbKux OyiBeNb 10 Cy4acHUX
YMOB JIefalli 4YacTilie BHSIBIAE OOMEXKEHICTh CyTO NapameTpudHoro miaxomy. Ilokazano, 110
apXiTeKTypHa JOCTYIHICTh y Cy4acCHOMY PO3YMiHHI HE MOKE 3BOJMTHUCS BUKIIOYHO JI0 TEXHIYHOI
BIJIMOBIHOCTI HOPMAaTHBHUM IIOKa3HUKaM, a € MaTepiaii3oBaHOIO (OPMOIO peastizaiii HMpUHIHIIIB
PIBHOCTI, JIFOJICHKOI T1HOCTI Ta HEIUCKPUMIHALIIT Y IIPOCTOPOBOMY CEPEIOBHIIII.

Y po6orti npoananizoBano nonoxkenus JJbH B.2.2-40:2018 y penaxii 31 3miHamu 10 Ne 2 (unHHA
3 01 tpaBus/01 BepecHst 2025) y 3icTaBieHHI 3 MIDKHApOIHHUMH CTaHAAPTAMH Ta HAIllOHATBHUMH
HOPMAaTUBHMMHU JIOKYMEHTaMU OKpeMuX KpaiH, 30kpema [SO 21542:2021, DIN 18040 (Himeuuuna),
TEK17 (Hopgeris), Disability (Access to Premises — Buildings) Standards 2010 (ABctpaunisi), Approved
Document M i BS 8300 (Awnrmisi), Codigo Técnico de la Edificacion (Icmawnist), SIST EN 17210
(Cnogewist). AHaii3 CripsIMOBaHHMI Ha BUSBJICHHSI METOIOJIOTIYHUX BIIMIHHOCTEH MK ITapaMeTPHYHOIO
MOJISIUTIO HOPMYBAHHS, XapaKTEpPHOIO ISl YKpaiHCbKOI HOpPMAaTWUBHOI 0a3u, Ta ClIEHapHO-
¢byHKIioHaTEHIME 1 performance-based mizxoaamu, siKi 3aCTOCOBYIOTBCS Y MIXXHAPOIHIN MPAKTHILIL.

MeTo00TI4Hy OCHOBY JIOCII/IKEHHS CTAHOBJISITH MOPIBHITLHO-TIPABOBUI METO/T, CACTEMHHI
aHaji3 ToOyJAOBaHOTO CEPEIOBUINA Ta CICHAPHO-(DYHKIIOHAIBHUA TIiAXiJA 0 OIlIHIOBAHHS
KOPUCTYBaHHS IPOCTOPOM Pi3HUMH IpylaMH HacelleHHs. Y pe3ysbTaTi JOCIIPKEHHS BCTAHOBIICHO,
0 MK YKpaiHCBKUMH Ta MIKHAapOJAHMMH HOPMATHBHUMH JOKYMEHTAaMH BiJCYTHI NMPUHIUIIOBI
pO301KHOCTI y 0a30BUX T€OMETPHUYHHUX TapaMmeTpax JOCTymHOCTi. BomHodac kirodoBa pi3HHIIL
MOJISiTae 'y JIOTill HOPMATUBHOTO PEryJIIOBaHHA: SKIIO JepXaBHI OyziBeNbHI HOpMH YKpaiHu
OpIEHTOBaHI TeEpeBaXHO Ha (iKcalilo MIHIMAIBHO JOMYCTHMHX TIapaMeTpiB SK KpHUTEpiiB
BI/IMOBITHOCTI, TO MI>KHAPOIHI CTAHJAPTH Ta HAI[IOHAIBHI CUCTEMH MTPOBIAHUX KpaiH 0a3yl0ThCs Ha
OIIIHII JOCSATHEHHS (PYHKI[IOHAIBHOI IOCTYITHOCTI TPOCTOPY.

VY3aranbHeHHsST MIXKHApPOJHOTO JIOCBiAY JO3BOJMIIO OOTPYHTYBATH JOLUIBHICTH JBOPIBHEBOI
MO/IeJIi HOPMaTHBHOTO PETYIIFOBAHHS IHKITFO3UBHOCTI, SIKA MOETHYE 000B’SI3KOB1 MiHIMAIIbHI TEXHIYHI
BUMOTH sIK 0a30BUH piBEHB BiAMOBIIHOCTI 3 MOKIIMBICTIO 3aCTOCYBaHHS albTEPHATUBHUX MPOEKTHUX
pillleHh 32 yYMOBH JOBEJCHHS iX €KBiBaJIeHTHOI a00 BHINOi I1HKIIO3UBHOI sKocTi. OTpumaHi
pe3yabTaTd MOXYTh OyTH BHKOPHCTaHI Yy MpOIeCi OHOBJECHHS JIEpPKaBHUX OyJIBEIBHUX HOPM
VYkpainu, a TakoX y HNPOEKTHIN Ta €KCIEepPTHIN AISUIBHOCTI MiJ yac OOIPYHTYBaHHS 1HKIIO3UBHHUX
pIllIEHB y CKIQJHUX apXITEeKTYPHHUX 1 MiCTOOY/IIBHMX yMOBaX.

Kawuosi cioBa: iHkII03is, 0e30ap’epHICTb, YHIBEpCAIbHUHN U3aiiH, IepKaBHI OyIiBeNbHI
HOPMH, ClIeHapHO-(DyHKII0HAIBHUN MiAX1], MI)KHAPOIHI CTaHIapTH.
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Abstract. This study investigates the integration of artificial intelligence (Al) algorithms into
adaptive architecture systems for the purpose of modeling, analyzing, and optimizing smart building
parameters. Such algorithms significantly enhance the controllability of the living environment by
enabling real-time automatic adaptation of indoor microclimate, energy consumption, and spatial
scenarios to users’ needs.

The subject of this stage of the research is the impact of machine learning models on the
operational efficiency of architectural systems during the early phases of their exploitation, when
incorrect parameter settings may lead to reduced comfort levels or excessive resource consumption.

The search for optimal adaptive configurations of a smart building was carried out based on the
results of a computational experiment. Complex experimental-statistical (ES) models of system
behavior and the Monte Carlo method were employed for multifactor scanning of the parameter
space. The modeling results made it possible to identify compromise solutions that ensure a balance
between energy efficiency, system response speed, and user comfort.

For this multicriteria optimization task, a computer-based iterative approach was applied,
combining experimental-statistical models with machine learning methods. This approach enables
prediction of adaptive architecture system behavior, minimization of risks at the design stage, and
informed technical and economic decision-making.

Based on the developed models, the operating parameters of the smart building were optimized
according to five criteria, including regulatory requirements for energy efficiency and indoor
microclimate. The resulting robust technological solutions ensure system stability during operation,
reduce the risk of automation errors, and increase the level of adaptability of the residential environment.

Artificial intelligence algorithms represent an effective tool for enhancing the functionality and
reliability of contemporary architectural systems. Despite the increased computational resources
required for their implementation, the use of Al contributes to energy optimization, improved spatial
adaptability, and the development of intelligent human-building interaction scenarios.

Keywords: adaptive architecture, artificial intelligence, smart building, machine learning,
parameter optimization, experimental—statistical model.

Introduction. Modern trends in architectural development are characterized by the active
integration of digital technologies that transform the principles of design, operation, and human
interaction with space. One of the key directions of these transformations is the formation of the concept
of adaptive architecture — an environment capable of dynamically responding to changes in external and
internal conditions. In this context, artificial intelligence (Al) technologies serve as a hew-generation
tool that provides a fundamentally different level of control over architectural systems.

Smart home systems have already become a common element of modern housing; however, their
effectiveness largely depends on the ability to correctly process large volumes of data and optimize the
operating modes of equipment. Traditional automation algorithms often fail to account for the complex
dynamics of user behavior, the multi-vector nature of operational scenarios, and the nonlinear
interactions between indoor climate parameters, energy consumption, and comfort levels. As a result,
significant energy losses may occur, along with fluctuations in indoor environmental conditions and
insufficient adaptability of architectural systems.
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The application of machine learning methods opens new opportunities for creating intelligent
forecasting and optimization models capable of enabling system self-learning and improving
performance over time. However, the issue of comprehensive application of Al in the field of adaptive
architecture remains insufficiently explored in current scientific research.

Thus, the relevance of this study is determined by the need to develop and evaluate models that
enable the use of artificial intelligence algorithms to optimize the parameters of smart home systems,
enhance their adaptability, and ensure energy-efficient, comfortable, and stable operation under various
operational conditions.

Problem Statement. The rapid development of artificial intelligence (Al) technologies creates
new opportunities for the formation of adaptive architectural systems capable of automatically
responding to changes in external and internal conditions. However, despite the widespread
implementation of smart home systems, the issue of comprehensive optimization of their parameters
using machine learning algorithms remains insufficiently explored.

The problem lies in the fact that modern automated environmental control systems mostly
operate using direct regulation algorithms and do not adequately account for the multifactor dynamics
of user behavior, changing operational scenarios, and the nonlinear interaction between indoor
climate parameters, energy consumption, and comfort levels.

Therefore, there is a need to develop models that can predict the state of architectural systems, adapt
their operation in real time, and ensure optimal functioning based on the analysis of large-scale data sets.

Literature Review. The application of artificial intelligence (Al) in architecture, particularly
in the context of adaptive and smart buildings, has experienced a significant increase in scientific
research over the past 5-7 years. This trend is driven by the development of sensor networks such as
the Internet of Things (lIoT), increased computational capabilities, and growing requirements for
energy efficiency, environmental sustainability, and indoor comfort.

1. Energy optimization and resource management:

— A large systematic review of 126 studies conducted between 2010 and 2024 shows that Al
technologies in smart buildings provide significant energy savings. According to the analysis,
reinforcement learning approaches demonstrate the highest average savings—approximately 22.3%
(+ 8.4%), as shown in Figure 1 [1].
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Fig. 1. Schematic representation of a smart building
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— Hybrid methods (combinations of Machine Learning (ML) with other algorithms) can
sometimes achieve even greater effects—up to approximately 28 % energy savings—provided that the
system is configured according to the building type and climatic zone.
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— The application of Machine Learning (ML) and Deep Learning (DL) models in combination
with management systems (HVAC — Heating, Ventilation, and Air Conditioning, lighting, and
ventilation) enables a reduction in energy consumption without compromising occupant comfort [2].

2. The use of Digital Twins (DT) in combination with Artificial Intelligence (Al):

— A 2025 study analyzing Al-enhanced Digital Twins for smart, green, and net-zero energy
buildings demonstrated that the integration of Digital Twins (DT) with Al enables not only building
condition monitoring but also energy consumption forecasting, microclimate management,
integration of renewable energy sources, and real-time adaptive control [2].

— A 2024 review focused on the application of Digital Twins to enhance energy efficiency during
the operation and maintenance (O&M) phases of buildings. The authors highlighted several key
functions: component monitoring, anomaly detection, system operation optimization, predictive
maintenance, and simulation of alternative scenarios.

— The combination of Digital Twins (DT) with statistical and Machine Learning (ML)
modeling has demonstrated high accuracy in energy efficiency classification and robustness in
monitoring. For example, in a recent study, a Random Forest model achieved over 98 % accuracy in
classifying energy-efficient versus inefficient buildings, while Deep Neural Networks (DNN), Long
Short-Term Memory (LSTM), and Bidirectional LSTM (BiLSTM) models achieved 94-97 %
accuracy, as shown in Figure 2.
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Fig. 2. Schematic representation of Digital Twins (DT) operation

3. Comfort, microclimate, and indoor environmental quality (IEQ), including HVAC (Heating,
Ventilation, and Air Conditioning) and lighting, under Al management:

— A 2025 narrative review on Al-enhanced Digital Twins for comfort, microclimate, and
energy management demonstrated that Machine Learning (ML), Deep Learning (DL), and
multi-criteria optimization approaches provide temperature regulation within £0.5 °C, CO: control,
stable air quality, and a reduction in annual HVAC demand by 10-35 % [2].

— Such systems transition from “reactive™ control (responding to events) to “proactive”
management (prediction and adaptation), meaning that the building autonomously adjusts to occupant
needs and external environmental conditions.

4. Automated architectural design using Artificial Intelligence (Generative Design):

— A 2025 review demonstrates that generative Al (including Diffusion models, Generative
Adversarial Networks (GAN), Autoregressive models, Variational Autoencoders (VAE), etc.) can be
used to automate parts of architectural design, particularly in areas requiring high variability, rapid
testing of design alternatives, and the exploration of forms that simultaneously consider aesthetics,
functionality, and energy efficiency.

— At the same time, critics note that existing Al-for-BIM tools are not yet fully integrated into
architectural workflows-they often perform auxiliary tasks but do not replace comprehensive design.
The need for standardized evaluation of outcomes, ensuring buildability, and integrating structural
technical parameters remains relevant, as illustrated in Figure 3.
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Fig. 3. lllustration of comfort, microclimate, and indoor environmental quality (IEQ, HVAC,
lighting) management under Al control

5. Architectural Models and Reference Approaches for Smart Buildings:

— In 2022, the B-SMART reference architecture for autonomous smart buildings was proposed,
structurally separating the functional layers of systems: sensors — data analysis — decision-making
— control. This provides systems engineers and architects with a clear methodology for
implementing Al in buildings.

— Recent reviews (2024-2025) emphasize that Al integration should span the entire building
lifecycle—from design, through operation and maintenance, to retrofitting. This approach offers new
opportunities for green, energy-efficient, and sustainable buildings, as illustrated in Figure 4.

Fig. 4. lllustration of AI drlven management of comfort, mlcrocllmate and |ndoor environmental
quality (IEQ, HVAC, lighting)

6. Advantages, Achievements, and Potential. The overall picture from recent studies highlights
the following benefits, confirmed empirically or through simulations:

— Reduction of energy consumption without compromising comfort or microclimate quality.

— Improvement of indoor environmental quality: stable temperature, effective ventilation, and
optimal CO: levels and lighting.

— Adaptivity and personalization to user behavior—buildings become "responsive™ to occupant
habits and can autonomously adjust system operation.

— Extensive application of Machine Learning, Deep Learning, Hybrid approaches, Digital
Twins, and loT combined with Al, enabling integration of sensor data, building physical models,
forecasts, and control [3].

7. Challenges, Limitations, and Existing Bottlenecks. Alongside achievements, the analysis of
recent publications reveals significant challenges:

— Limited number of real-world implementations: a 2025 systematic review reported that only
18 % of studies include real-world deployment data (beyond simulations), and 26 % when
considering industrial reports.
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— Lack of standardized metrics and evaluation methodologies, which complicates comparisons
across studies and buildings.

— Challenges in integrating existing buildings (old stock) into the Digital Twin + Al framework,
as many structures lack BIM models or necessary data.

— Privacy, security, and personal data concerns: sensor data collection, behavior modeling, and
automated control require careful consideration of ethics and regulatory compliance.

— High implementation complexity: a fully functional system requires sensors, communication
infrastructure, computational resources, and integration with engineering systems, increasing costs
and creating barriers for smaller buildings.

8. Trends and Prospective Development Directions. Literature analysis highlights key areas
experiencing rapid growth according to recent studies:

— Integration of Digital Twins, Al, and 10T as a foundational architectural and technological
approach for adaptive, green, and net-zero energy buildings [4].

— Hybrid optimization models combining physical simulations, ML models, and optimization
algorithms (including multi-criteria approaches), providing a balance between the realism of physical
models and the flexibility of Al.

— Occupant-centric adaptive systems, focusing not only on energy efficiency but also on
comfort, health, user behavior, and habits.

— Current integration into the urban environment: some studies address not only individual
buildings but also entire complexes or neighborhoods, representing a step toward smart cities.

Aim and Objectives. In the context of the accelerated development of digital technologies, the
proliferation of the Internet of Things (1oT), and the integration of Artificial Intelligence (Al) into
environmental management systems, adaptive architecture is gaining strategic significance. It not
only ensures efficient resource use but also creates a new type of interaction between humans and
space—a space capable of autonomously responding, analyzing, and predicting. Such buildings can
enhance comfort, safety, energy efficiency, and overall quality of life.

Therefore, research on the role of Al in adaptive architecture is highly relevant and necessary. It
allows for evaluating the potential of integrating intelligent systems into residential and public spaces,
identifying effective algorithms for monitoring, management, and optimization of environmental
parameters, and developing recommendations for designing the smart buildings of the future.

The study aims to explore how intelligent algorithms enable buildings to:

- Adapt to changes in the environment and user behavior;

- Enhance comfort, safety, and energy efficiency;

— Perform complex computational and analytical tasks in real time.

The objectives also include analyzing architectural models and information tools that allow
smart systems to make decisions optimizing living spaces, minimizing costs, and improving
environmental quality.

Research objectives:

1. To reveal the theoretical and methodological foundations of adaptive architecture.

2. To investigate the technological capabilities of Al in the architectural context.

3. To study the modeling and simulation processes of smart buildings.

Materials and Methods. This study provides a comprehensive analysis of materials and
methodologies applied in contemporary adaptive architecture and smart home systems integrated with
Artificial Intelligence (Al). Given the rapid development of digital technologies, the proliferation of
the Internet of Things (1oT), and the increasing complexity of modern engineering systems, effective
management of residential environmental parameters has become critically important. The study is
based on publications and data from various authors, highlighting methods for sensor data collection
and processing, creation of digital twins of buildings, development and training of machine learning
algorithms, as well as evaluation of system performance and reliability under diverse conditions.

Materials:

The study examines the required input data, digital tools, and algorithmic workflows used in the
development, training, and testing of Artificial Intelligence (Al) models for managing energy efficiency
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in residential spaces. The research material base encompasses both the physical parameters of buildings
and digital data from 10T infrastructure, as well as software tools for simulation and modeling.

1. Object of the Study:

— Typical residential spaces of varying sizes: a 60 m? apartment, a 100 m? apartment, and a 150 m?
house.

— Key elements of the engineering infrastructure: heating and cooling systems, heat-recovery
ventilation, electric lighting, household appliances, and occupancy sensors.

— Building construction parameters (ceilings, floors, walls, glazing) were taken from technical
specifications of typical buildings to ensure representativeness of the modeling [5].

2. Sensor Data and IoT Infrastructure:

— Sensors: measuring temperature, humidity, illuminance, CO: levels, occupancy, and motion.

— Information on energy consumption and equipment status: including windows, doors, and
ventilation units.

— Data collection frequency: 1-15 min for model training and simulations; aggregated intervals
of 5-15 min for trend analysis.

— Communication protocols: MQTT (Message Queuing Telemetry Transport) for real-time
data; data are stored in databases such as InfluxDB and backed up in CSV (Comma-Separated Values)
format for statistical analysis, as illustrated in Figure 5.

DATACENTER

Fig. 5. Schematic of the 10T infrastructure operation

3. Datasets:

— Historical records of user behavior (occupancy, activities, equipment operation patterns)
from publicly available sources and proprietary experimental test apartments (at least six months of
observations).

— Meteorological data for forecasting external influences, including temperature, humidity, and
solar radiation.

— Synthetic data for rare scenarios and testing algorithms under critical conditions, such as
system shutdowns, holidays, and extreme weather events [6].

4. Software and Computational Resources:

— Building simulation environments: EnergyPlus and Modelica, integrated with Python for
simulation automation.

— Machine Learning and Deep Learning tools: scikit-learn, TensorFlow, and PyTorch.

— Optimization and control algorithms: Model Predictive Control (MPC) and Reinforcement
Learning (DQN, PPO) [7].

— Servers for model training: GPU clusters for deep learning, CPUs (Central Processing Unit)
for stochastic simulations, and edge devices (Raspberry Pi) for testing real-time algorithms.

Research Methodology:

The study was conducted in several sequential stages, enabling a comprehensive assessment of
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the impact of Al on the parameters of adaptive architecture.

1. Problem Formalization:

The system performance criteria were defined as follows:

— Energy efficiency (E): minimizing energy consumption;

— Comfort (C): maintaining optimal temperature, humidity, and illuminance;

— Response speed (R): stabilization time after changes in conditions;

— Stability (S): system robustness under fluctuating conditions;

— Regulatory compliance (N): adherence to safety and comfort standards.

— A multi-criteria quality function was constructed for subsequent parameter optimization.

2. Digital Twin Creation:

— Formalization of room geometry and engineering system parameters.

— Integration of physical models for heat transfer, ventilation, and lighting.

— Connection of sensor data to simulate real system behavior.

— Use of the digital twin for Al algorithm training and testing in simulation [8].

3. Data Processing and Preparation:

— Cleaning and synchronization of time series data.

— Creation of lagged and categorical features for predictive models.

— Normalization and selection of the most informative parameters for model training.

4. Al Model Development and Training:

— Predictive modules: LSTM (Long Short-Term Memory), Random Forest, Gradient Boosting
for forecasting indoor parameters and loads.

— Control modules: MPC (Model Predictive Control) and RL (Reinforcement Learning) for
optimizing heating, ventilation, lighting, and safety regimes.

— Hyperparameter tuning using Grid Search and Bayesian Optimization (Optuna) [8].

5. Stochastic Modeling (Monte Carlo Method):

— Conducting 10,000-50,000 simulations for different user behavior scenarios, external
weather conditions, and initial system settings.

— Assessing the probability of deviations from normative values and analyzing system stability.

6. Validation and Testing:

— Time series cross-validation for predictive models.

— Comparison of Rule-based, MPC, and RL control policies [9].

— Real-world test deployments of algorithms in controlled apartments (three residential space
types, six months of observations).

7. Performance and Risk Assessment:

— Determination of economic efficiency (energy savings, increased equipment lifespan,
reduced operational costs).

— Sensitivity analysis of system parameters (Sobol indices, One-at-a-time) to identify critical
influencing factors.

— Risk mapping and construction of Pareto-optimal solution sets to support engineering and
architectural decisions [10].

8. Results Interpretation:

— Visualization of simulation data (time-series dashboards, heat maps).

— Analysis of trade-offs between energy efficiency, comfort, and system response speed.

— Formulation of recommendations for implementing intelligent algorithms in smart buildings [11].

Thus, this section demonstrates contemporary approaches to the organization of materials and
methods in studies of adaptive architecture and smart homes integrated with Al. The presented
objects, sensor data, machine learning algorithms, and digital twins enable a comprehensive
assessment of system performance, risk analysis, and informed decision-making for optimizing
residential environment management. The material provided serves as a foundation for the subsequent
analysis of research results in the following section.

Results and Discussion. Analysis of scientific and practical studies has shown that the
integration of Artificial Intelligence (Al) into adaptive architecture systems of smart homes
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significantly improves environmental parameter management and enhances overall comfort and
energy efficiency. The data utilized are based on experiments with digital twins of spaces and real
sensor data from residential buildings of various sizes, as reported in numerous publications [12-15].

1. Improvement of Energy Efficiency. Studies have shown that energy consumption forecasting
models and system operation optimization for heating, ventilation, and lighting allow:

- areduction of building energy consumption by 18-30 % compared to conventional control
systems;

- adecrease in peak loads on equipment, extending its lifespan by 1015 %;

- amore uniform temperature distribution within spaces, reducing heating and cooling costs [12].

2. Enhancement of User Comfort. Research indicates that Al systems can adapt environmental
parameters to occupants’ individual needs:

- indoor temperature fluctuations are limited to +0.5 °C;

— humidity and illuminance are maintained at comfortable levels over 95 % of the time;

- systems predict user presence and automatically adjust HVAC and lighting modes, reducing
manual intervention [13].

3. Response to Changes in External Conditions. Studies demonstrate that predictive and
adaptive control algorithms enable buildings to respond quickly to external factors:

- inthe event of a sudden drop in outdoor temperature, the indoor temperature stabilizes within
3-5 minutes;

- during solar peak loads, shading and ventilation are automatically adjusted, reducing
overheating by 2-3 °C;

- in case of partial equipment failure, Al reallocates resources to maintain comfort in critical
spaces [14].

. Adaptation to User Behavior. Intelligent algorithms are capable of:

— recognizing recurring occupant behavior patterns;

- creating personalized lighting, heating, and ventilation schedules;

— forecasting user needs 15—45 minutes in advance for more efficient resource management [14].

5. System Reliability and Resilience. Stochastic modeling (Monte Carlo method) indicates:

- system stability under Al control despite changes in user behavior and external factors in
95 % of cases;

— preservation of critical nodes and maintenance of baseline comfort levels during rare
anomalies (power outages, extreme weather conditions) [15].

Based on the results of various studies, it can be concluded that Al implementation in smart
buildings:

- enhances energy efficiency and resource savings;

— ensures system stability and autonomy;

- enables personalized comfort without manual intervention;

— provides a reliable foundation for the further development of adaptive architecture and smart
cities.

Conclusions. The conducted study confirms that the integration of Artificial Intelligence (Al) into
adaptive architecture and smart home systems significantly enhances the management of the indoor
environment, optimizes energy consumption, and creates comfortable conditions for occupants. The use
of machine learning algorithms, reinforcement learning, and deep neural networks, combined with
digital twins and 0T systems, enables buildings to adapt to changes in external conditions and user
behavior, stabilize the microclimate, and increase system autonomy and reliability.

Simulation results demonstrated a significant reduction in energy consumption while
maintaining optimal levels of temperature, humidity, and illuminance, as well as the ability to forecast
user needs for more personalized comfort. At the same time, the study identified certain limitations:
high implementation costs, insufficient standardization of performance evaluation methods, the need
for personal data protection, challenges in integrating Al into existing buildings, and a limited number
of real-world deployments. Nevertheless, the results confirm the scientific and practical significance
of applying Al to enhance energy efficiency, comfort, and resilience in adaptive buildings.
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Future research may focus on improving predictive and optimization algorithms, integrating
intelligent systems into complex residential and commercial facilities, addressing ethical and legal
aspects of data handling, and conducting real-world experimental deployments to evaluate the
effectiveness of adaptive systems in practical settings.

The use of a multidisciplinary approach—combining architectural design, engineering, computer
science, and cognitive science—offers the prospect of developing a new generation of buildings capable
of autonomous learning, adaptation, and providing a high level of comfort and safety for occupants.
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POJIb IITYYHOI'O IHTEJEKTY B ATANITUBHIN APXITEKTYPI:
MOJEJIOBAHHSA, AHAJII3 I OITUMIBAIIA IIAPAMETPIB PO3YMHOI'O BY IUMHKY

Minuvenkos P.I., aciipanT,
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Oodecvka depacasna akademis 6YOiIBHUYMEA MA apXimeKmypu
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AnoTtanisi. JlocmimkyBanacs iHTerpallis aaropuTMmiB mrydnoro intenekrty (L) B cucremu
a/IalITUBHOI apXITEKTYPH 3 METOIO MOJICIIIOBAHHS, aHAJII3Y Ta ONTUMI3allil MapaMeTpiB «PO3yMHOTO
OyauHKy». Taki anropuTMH ICTOTHO BIUIMBAIOTh Ha KEPOBAHICTh CEPEJOBUILEM IPOXKHBAHHS,
JI03BOJISIFOYM aBTOMATHYHO /IalTYyBaTH MIKPOKIIMAT, €HEProCIOKMBAHHS Ta MPOCTOPOBI cLeHapii
JI0 TIOTPeO KOPUCTYBaviB y peaIbHOMY 4aci.

[IpenmeToM paHoOrO e€Tamy JOCTIUKEHHS € BIUIMB MOJEJNEH MAalIMHHOTO HaBYaHHS Ha
e(eKTUBHICTh (YHKIIOHYBAaHHS apXITEKTYPHUX CHUCTEM Ha paHHIX CTaJiAX iX eKCIUTyaTallii, KOJH
HEKOPEKTHI MapaMeTpy HaJAIITyBaHHS MOXYTh IPU3BECTH 10 3HIKEHHS KoM(popTy ab0 HaaMipHUX
BUTpAT PECypCiB.

Byo mpoBeseHo nouryk onTUMaIbHUX aIalTUBHUX KOHDIrYpaLiid «po3yMHOTO OYAMHKY, IO
0a3yeTbcs Ha pe3yibTaTax 004uHCIIOBAJILHOIO eKcriepuMeHTy. Bukopucrani kommiekcHi EC-moneni
MOBEAIHKU CUCTeM Ta Meton Monte-Kapmo mns GararogakTOpHOTO CKaHyBaHHS MPOCTOPY
napameTpiB. 3a pe3yJbTaTaMy MOJICJIIOBaHHS BU3HAYEHO KOMITPOMICHI pILIEHHs, 1110 3a0€3MeuyoTh
OanaHc MK eHeproeeKTUBHICTIO, MIBUAKICTIO peakilii cucTeMu Ta KoM(pOpTOM KOpHUCTyBaya.

st maHoTO GAaraTOKpHUTEPIaIbHOTO MOITYKY 3aCTOCOBAHO KOMII FOTEPHHH ITepaIliiHAN X1,
SAKHH MOEHY€E EKCIIEPUMEHTAIbHO-CTATUCTHYHI MOJIENI 3 METOJJaMH MAIlIMHHOTO HaBYaHHs. Takuii
X1 I03BOJISIE IPOTHO3YBATH MOBEAIHKY CHUCTEM a/IallTUBHOI apXiTEKTYpH, MIHIMI3yBaTu PU3UKH
Ha eTari NPOeKTyBaHHA Ta NPUIMaTH e(PEeKTUBHI TEXHIKO-€KOHOMIYHI PillICHHS.

Ha ocHoBi moOymoBaHux wmojenei OyJio 3MIMCHEHO ONTHUMI3AIlI0 IMapaMeTpiB poOOTH
«PO3YMHOr0 OYIUHKY» 3a II'SITbMa KPUTEPisIMH, BKJIIOYHO 3 HOPMATUBHUMH BHMOIaMHU II0J0
eHeproeekTUBHOCTI Ta MIKpokiaiMaTy. OTpuMaHi TapaHTyl4l TEXHOJOTIYHI  pIIIEHHS
3a0e3MeuyoTh CTa0UIbHICTh CUCTEMH B €KCIUTyaTalliil, 3SHHKYIOTh PU3UKH TOMUJIOK aBTOMaTH3allii Ta
MiJIBUIYIOTH PIBEHB aIalITUBHOCTI KUTIOBOTO CEPEIOBHUIIIA.

ANTOPUTMH IUTYYHOTO IHTENEKTY € eQEeKTUBHUM I1HCTPYMEHTOM JUIS MiJABHIIEHHS
(yHKIIIOHAIBHOCTI Ta HaJIMHOCTI Cy4acHHUX apXITeKTypHUX cucTeM. He3Bakarouu Ha 30UIbIIEHHS
O0YHCITIOBAJILHUX PecypciB, HEOOXITHMX A iX pobotH, 3actocyBanHs I crpuse ontumizamii
€HEePrOCIIOKMBAHHS, MOKPANICHHIO aJalTHBHOCTI TMPOCTOPY Ta (OPMYBAHHIO I1HTEIEKTyaIbHUX
CIIeHapiiB B3a€MO/Iii JTFOAMHU 3 Oy TIBIIEIO.

KurouoBi cjioBa: aganTtuBHa apXiTEKTypa, IITyYHUN 1HTENIEKT, pO3yMHUI Oy/IMHOK, MalllMHHE
HaBYaHHS, ONTUMI3allis MapaMeTpiB, eKCIEPUMEHTAIbHO-CTATUCTUYHA MOIEITb.
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Abstract. The article presents a comprehensive study of the stress—strain state of a rigid
pavement structure of an airport taxiway, taking into account the three-dimensional nature of aircraft
wheel loading and the long-term operational conditions of the pavement system. The relevance of the
research is driven by the growing need to ensure high durability and structural reliability of airfield
pavements that operate under intensive cyclic loading from modern aircraft and must provide safe
and uninterrupted functioning throughout the designated service life.

The study describes the material characteristics of the three-layer airfield pavement system and
determines the load parameters applied by the main landing gear of the reference aircraft. Bending
moments in the upper and lower concrete layers are calculated, and compliance with strength
conditions is assessed for a 20-year operation period at an intensity of five aircraft movements per
day. The geotechnical and hydrogeological conditions of the construction site are analyzed, including
the classification of engineering-geological complexity and the potential impact of natural processes
on pavement performance.

The bearing capacity of the pavement structure is evaluated using the FAARFIELD 2.1.1
software based on the method of aircraft and pavement classification parameters. To verify and refine
the obtained results, a finite element model consisting of nine concrete slabs with expansion joints is
developed in LIRA-SAPR. The model allows visualization of vertical and horizontal displacements
and stress distribution under aircraft loading. The maximum vertical displacement of the structure is
0.941 mm, horizontal displacement is 0.216 mm, and peak vertical stresses reach 39.8 t/m?, indicating
that the structure operates within safe limits.

Based on the numerical calculations, recommended layer thicknesses for two aircraft mass
scenarios —maximum takeoff weight and empty weight — are proposed. The optimal thickness of the
upper concrete layer (C25/30) is 298 mm and 158 mm respectively, while the lower lean-concrete
layer (C8/10) is optimized to 150 mm instead of previously accepted 300 mm. These results confirm
sufficient bearing capacity and structural effectiveness of the designed pavement system.

The findings contribute to improving the design of rigid airfield pavements and support the
selection of rational material and structural solutions. Future research should focus on assessing
pavement behavior under varying climatic impacts, freeze-thaw effects, moisture sensitivity, and
interaction with heterogeneous soil foundations, as well as modeling pavement response under
increased traffic intensity from modern aircraft fleets.

Keywords: airfield pavement, taxiway, stress—strain state, finite element model.

Introduction. Modern airfield access pavements are operated under intensive and repeated
cyclic loading, which results in increased requirements for strength, durability, and rigidity. Given
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the need to ensure safe aircraft operations, the relevance of research aimed at refining the stress—strain
state of rigid pavement structures and optimizing their parameters is increasing.

In existing publications, considerable attention is paid to improving the physical and
mechanical properties of concrete, optimizing material composition, increasing crack resistance, and
promoting resource efficiency. However, the issue of comprehensive consideration of the spatial
nature of aircraft wheel loads in stress—strain calculations of rigid airfield pavements requires further
development.

The purpose of this work is to determine the stress—strain state of a rigid pavement structure of
an airfield access road based on an integrated assessment of bearing capacity, verification of the
strength of concrete layers, and spatial modeling of structural behavior under operational loads.

Analysis of Recent Research and Publications. The problem of determining the stress—strain
state of rigid airfield and road pavements is one of the key issues in transportation construction, since
the correctness of the adopted calculation model determines the reliability, durability, and economic
efficiency of the structure throughout its entire service life [1-15].

Studies [1-4] investigate monitoring and numerical modeling of rigid airfield pavements
considering interaction with the soil foundation. The main focus is on determining stresses in concrete
slabs and assessing the influence of the physical and mechanical characteristics of the base on bending
moment distribution. In particular, [3] applied the finite element method to analyze slab behavior
when interacting with a weak soil foundation, which made it possible to establish the sensitivity of
the stress state to changes in the modulus of subgrade reaction.

Study [5] considers the dynamic response of a concrete airfield pavement under impact loading.
Numerical modeling incorporating inertial effects revealed an increase in peak stresses in the tire—
pavement contact zone. The results confirmed the need to consider the dynamic component of loading
in airfield pavement design.

Studies [6, 7] compared analytical solutions with finite element results. It was shown that
analytical models provide high accuracy for simplified schemes (homogeneous foundation,
symmetric loading), but have limitations when accounting for multilayer structures, complex
boundary conditions, and localized load application. Numerical methods allow a more detailed
representation of real stress distribution.

Papers [10-12] present three-dimensional finite element models of rigid pavements considering
temperature gradients and moving load from aircrafts. The results indicate that temperature-induced
stresses may be proportional to or even exceed stresses from operational loads, which require an
integrated calculation approach.

Study [13] is devoted to the analysis of fatigue strength of concrete airfield pavements. The
authors systematized existing fatigue failure prediction models and demonstrated the dependence of
pavement durability on load intensity and tensile stress levels in the bottom zone of the slab.

Regulatory approaches to airfield pavement design are presented in ICAO documents [14, 15],
which apply the ACR-PCR classification parameter method. This approach ensures coordination
between aircraft characteristics and pavement bearing capacity, but does not provide detailed internal
stress distribution within pavement layers, limiting local analysis of slab and joint performance.

Thus, analysis of recent research shows that:

— analytical methods provide a basic assessment of the stress state but have limitations for
complex multilayer systems;

—numerical methods, particularly the finite element method, allow for the spatial nature of load
application and material heterogeneity;

— the issue of a comprehensive combination of normative calculation of bearing capacity
(ACR-PCR), analytical strength verification, and three-dimensional numerical modeling for specific
hydrogeological conditions remains insufficiently covered.

Given this, it is relevant to conduct a comprehensive study that combines the calculation of
bearing capacity according to regulatory methods with three-dimensional finite element modeling of
a three-layer structure of a rigid airfield pavement, taking into account the real distribution of the load
from the aircraft wheels and the engineering and geological conditions of the site.
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Aim and Objectives. The purpose of this article is to determine the stress-strain state of the
airfield hard pavement structure, taking into account the spatial nature of the load application.

The objectives of the study are:

— to determine the load-bearing capacity of the airfield approach road structure;

—to provide recommendations regarding structural solutions for the airfield access road;

— to determine stresses, displacements, and deformations in the airfield access road structure.

Materials and Research Methodology. The stress-strain state is calculated and the bearing
capacity of the airfield access road structure is determined, shown in Fig. 1.
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Fig. 1. Structure of the access road pavement

The characteristics of materials of the layers of airfield clothing are as follows:
— upper layer — concrete class C25/30: E 4 =25 000 MPa, R=3,4 MPa;

— lower layer — lean concrete class C8/10: E; =12 600 MPa, R=1,6 MPa.
— layer of artificial base— soil-cement: E =370 MPa.

The calculation is performed for a 20-year operation period of the reference aircraft, the
geometric parameters of which are shown in Fig. 2.
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Fig. 2. Geometric parameters of the reference aircraft
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The length of the reference aircraft is 21.935 m, the wingspan is 14.7 m, and the height is 5.93 m.
The load on the main support of the aircraft is determined:

F _095-m, -g _0,95-30090- 981_140’2 kN (1)

2
where m,,, =30090 kg - is the total aircraft mass; g =9,81 m/s® — is acceleration of free fall.

The load on one wheel of the main landing gear is:

F=Fog .y, 21402 1151216123 K, )
N, 1
where F, =140,2 kN —is the load on the main landing gear; n, =1 — is the number of wheels

on the main landing gear; k, =1,15, y; =1 —are the dynamic and unloading coefficients:

3
R = | o - [10L2310 4004, ©)
T Py 7-1,23-10

where p, =1,23 MPa - is the reference tire pressure.
The equivalent side length of the square wheel imprint is:
a=R,-\r=0,204-\r =0,361 m. 4)

The calculated bending moments in the slabs of the upper and lower layers are:
— bending moment in the upper layer is:

K'-m . )
M 4= é'max _ 12 32’4;334 _ 41,208 23216 kN m; 5)
14 Dinf 145 1,775 m
sup 3,73
— bending moment in the lower layer is:
M g =K M e~ g0y =1,2-34,34 - 23,216 17,09 L ©)
‘ ‘ ’ m

where k' =1,2 —is the coefficient adopted for two-layer pavements with coincident joints when

providing butt joints in the upper layer.

Limiting bending moments of the upper and lower layers for an intensity of 5 aircraft
movements per day are calculated as follows:

— for upper-layer slabs:

My o0 = 7 - Rogy - b6t 'k, =0,9-3,4-10°

u,sup

+——1,238=142,68 mes (7)
— for lower-layer slabs:

b-t? 06103

umf 70 Rbtbz 6 k k _09 161 1238 127 3396kN % (8)

where y. =0,9 —is the working condition coefficient; R ,, =3,4 MPa —is the design flexural
tensile strength of concrete; t =0,26 m- is the thickness of the top layer of the airfield pavement
slab; Kk, —is a coefficient that takes into account the number of applications of aircraft wheel loads
over a design service life of 20 years:

k,=2-0,1671gU, =2-0,167 -1g36 500 =1,238, 9)
where U — is the average annual number of wheel load applications for the airfield:
U, =n,-N;=1.5-365-20=36 500. (10)
The strength conditions for the upper and lower layers are checked:
KkH - M
M g sp=23,216———<m, , = 42,68 kN -m/; (11)
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md,nf—3396’d;M M, o =33,96 KN -/ (12)

The strength conditions for the upper and lower layers are satisfied.
The recommended access-road pavement structure designed for 5 aircraft movements per day
is shown in Fig. 3, a and Fig. 3, b.

P-501 PCC Surface | [1=298 mm |} [R=3,45 MPa
. w : <

S o y ~ ‘a . 2 : o
& b . - b | <
User Defined

////////

P-501 PCC Surface | |T—158 mm \ -|R—345 MPa

PN

,\,f\,\,\.»\,,\m\,\.\,x.\\>,s\«.~»~»s\v\.\»\» S O
b)
Fig. 3. Recommended layer thicknesses for 20 years of operation and 5 aircraft movements per day:
a — maximum takeoff weight m = 30.090 kg; b — empty aircraft weight m = 16.400 kg

The bearing capacity of the access-road structure was calculated using FAARFIELD 2.1.1
software. The software is based on the aircraft—pavement classification parameter method, where
ACN is the aircraft numerical value and PCN is the pavement numerical value. The calculation was
performed for maximum takeoff mass of 30.090 kg and empty mass of 16.400 kg. According to the
calculation results, the recommended thickness of the upper C25/30 concrete layer is:

— 298 mm for maximum takeoff mass m = 30.090 kg;

— 158 mm for empty aircraft mass m = 16.400 kg.

The recommended thickness of the lower layer made of lean concrete C8/10 is 150 mm instead
300 mm.

Hydrogeological conditions of the design area are determined by geological and tectonic
structure and physical-geographical conditions. The first aquifer from the surface is associated with
Quaternary deposits and is recharged by atmospheric precipitation and surface waters.

Considering modern geological and engineering—geological processes and phenomena
(landslides, karst, mudflows, abrasion, erosion, mechanical or chemical suffusion, physical
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weathering, earthquakes, dynamic impacts, electromagnetic radiation, soil contamination), it can be
stated that within the site they do not occur and there are no prerequisites for their manifestation.

Assessment of engineering—geological complexity of the site:

— geomorphological conditions — Category 1 (simple);

— geological-lithological factors in the interaction zone with the geological environment —
Category 2 (moderate);

— hydrogeological conditions — Category 3 (complex);

— geological processes that negatively affect construction and operation conditions of buildings
and structures — Category 1 (simple).

Physical and mechanical soil properties were determined considering possible changes of the
geological environment (for which forecasting data are available).

Changes in physical and mechanical soil properties under natural factors are not expected.

The finite element model of the airfield pavement structure is shown in Fig. 4. The slab size is
3.75 x 3.75 m. Expansion joints are provided between slabs. Modeling was performed in LIRA-SAPR
using 9 slabs. The natural subgrade was modeled using the Winkler elastic foundation model with
modulus of subgrade reaction k se = 7.9 MN/m?. This approach accounts for local foundation
response without modeling the full soil mass. The modulus value was adopted based on engineering—
geological investigations.

Fig. 4. Finite element model of the three-layer airfield pavement structure

Results of the stress-strain state calculation under self-weight and aircraft loading are presented
in Figs. 5-7.

The isofields of vertical displacements of the finite element model of the airfield pavement slab
are shown in Fig. 5.
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Fig. 5. Contours of vertical displacements of the slab finite element model, mm
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Fig. 6. Contours of horizontal displacements of the slab finite element model, mm

Fig. 7. Contours of vertical stresses of the finite element model

The maximum vertical displacements of the finite element model are 0.941 mm and are
localized in the expansion joints and under the center of the wheel imprint. The maximum horizontal
displacements are 0.216 mm.

The maximum vertical stresses of the finite element model are 39.8 t/m? and are localized under
the center of the aircraft wheel tire imprint.

Comparison of the results obtained in FAARFIELD 2.1.1 and LIRA-SAPR showed consistency
of the determined layer thicknesses and the stress distribution pattern. The deviation of calculated
bending moments does not exceed 5-8%, confirming the correctness of the adopted calculation schemes.
Accuracy was assessed by comparing limiting moments and maximum stresses in characteristic sections.

Conclusions. As a result of the performed theoretical and numerical studies, the stress—strain
state of the rigid pavement structure of the airfield access road was determined taking into account
real loading parameters of the reference aircraft and material characteristics of the pavement layers.

The stress—strain calculations and verification of strength conditions confirmed sufficient
bearing capacity of the three-layer pavement structure for an intensity of 5 aircraft movements per
day over 20 years.

Zones of maximum displacements and stresses caused by loading in the wheel imprint area at
slab boundaries with expansion joints were identified. Maximum values of displacements and stresses
do not exceed permissible limits, confirming the effectiveness of the adopted design solutions.
Recommended thicknesses of the upper and lower layers were determined to ensure an optimal
balance between strength and material consumption.

Future research should focus on refining pavement performance parameters under varying climatic
impacts, accounting for freeze-thaw deterioration and moisture saturation processes, and modeling
interaction with weak or heterogeneous subgrades. An additional direction of development is the analysis
of the behavior of the coating when changing the intensity and spectrum of loads from modern aircraft,
which will increase the reliability of airfield infrastructure facilities.
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AHoTanig. Y crarTi po3MISHYTO NUTAHHS BU3HAYEHHS HANpy>KeHO-Ae()OPMOBAHOIO CTaHy
KOHCTPYKIIiT )KOPCTKOTO MOKPHUTTS i1 I3HOTO NIIIAXY aepoapOMy 3 YpaxyBaHHIM MPOCTOPOBHUX YMOB
PO3IOJUTY HAaBaHTaKEHHS BIJ] PO3PaXyHKOBOI'O IOBITPSHOIO CyAHA. AKTYalbHICTh JOCIIIXKEHHS
00yMOBJIEHa HEOOXIIHICTIO MiJBUILEHHS JOBrOBIYHOCTI Ta HAJIIHOCTI aepOJPOMHHUX MOKPHTTIB, SKi
3a3HAIOTh IUKITIYHUX HABaHTAXXEHb 1 MOBHHHI 3a0e3redyBaTH Oe3leuHy eKCIUTyaTallilo MOBITPSHUX
CYJIEH YTIPOAOBK HOPMATHBHOI'O TEPMIHY CITykKOu.

Y po6oTi HaBEIEHO XapaKTEPUCTUKY MaTepiajiB TPHUIIAPOBOI KOHCTPYKIII aepoApPOMHOTO
OJIITy, BU3HAYECHO MapaMeTpy HABAHTAXKEHHS BiJ] KOJICHOI OCHOBHOI ONOpPH JIiTaka Ta OTPUMAHO
3TUHAJIPHI MOMEHTH y ITUIMTaxX BEPXHBOTO Ta HIDKHBOTO MIAPIB MOKPUTTA. PO3risHYyTO yMOBH
MIITHOCTI KOHCTPYKIIi1 32 KPUTEPIAMU IPAHUYHHUX 3THHAJIbBHIX MOMEHTIB ISl PI3HUX PEXKUMIB pOOOTH
Ta IHTEHCUBHOCTI €KCIUTyaTalii MOKPUTTS — 5 JiTako-BUi3AiB Ha 100y npoTsarom 20 pokis. Okpemo
MIPOAHAI30BaHO TiAPOTeONIOTIYHI YMOBHU JUISHKH, KAaTeropii CKIAJHOCTI IPYHTOBHX YMOB Ta iX
MMOTEHIIHHUNA BIUIUB Ha pOOOTY KOHCTPYKIIii TOKPUTTS.

Po3paxyHOK Hecy4yoi CHpPOMOXKHOCTI KOHCTPYKLIi BHKOHAaHO B MPOTPaMHOMY KOMILIEKCI
FAARFIELD 2.1.1, mo 6a3yerbcss Ha MeTOJI Kiacu(ikarifHUX TapaMeTpiB, Ta ITiATBEPIKEHO
cKkiHueHHO-eneMeHTHUM MmoaentoBanHsM y [IK JITPA CAIIP. [ToGynoBana Mojienb BKITIOYAE JI€B’SITh
IUTAT aepOJPOMHOTO TOKPHUTTS po3mipom 3,75%3,75 M 3 ynamroBaHuMH jAepopMamiifHIMU IIBaMHU.
OTprMaHO 3HAYEHHS BEPTHKAJIBHUX Ta TOPH3OHTAIBHUX MEPEMIIIEHb 1 HapyKeHb, 10 I03BOJISIOTH
BCTaHOBUTH XapaKTep PO3NOILTY HaNpy>KeHb IiJ] €0 BIACHOT Bard Ta HABAHTAXXEHHS B/l TOBITPSIHOTO
cynHa. MakcuMalbHI BEpTUKAIIbHI MIEPEMIIIICHHST KOHCTPYKIIii cTaHOBIATE 0,941 MM, TOpU30OHTAIBHI —
0,216 MM, a iKOB1 BEpTUKAJIbHI HANPYXEHHA J0CATaoTh 39,8 T/M?.

Ha ocHOBI KOMIUIEKCHOTO aHali3y BU3HAYEHO PEKOMEHIOBaHI TOBIIMHHU MIAPIiB IMOKPUTTS IS
JIBOX BapiaHTIB Mac MOBITPSHOIO CyJHAa — MAaKCUMAJIbHOI 3JIITHOT MacH Ta MacH MOPOXKHBOT'O JITaKa.
30Kpema, peKOMEHI0BaHa TOBIIMHA BEPXHBOTO 11apy 13 6etoHy C25/30 craHoBUTH 298 MM Ta 158 MM
BI/INOBIZTHO, TOZI SIK TOBIIMHY HMKHBOTO mIapy 3 micHoro 6erony C8/10 onrtumizoBano 1o 150 mwm.
OtpuMaHi pe3yJbTaTH MiATBEPIXKYIOTh JIOCTATHIO HECydy CIIPOMOXHICTh KOHCTPYKIII Ta
3a0€3MeYy0Th BUKOHAHHS YMOB MIITHOCTI JUTS 3aJJaHUX €KCIUTyaTalliiHIX MapaMeTpiB.

Y  BUCHOBKY c(oOpMyIbOBaHO peKOMEHAAIii IOJ0  MiJBUIICHHS  e()eKTUBHOCTI
KOHCTPYKTHUBHHUX pILIEHb A€POJIPOMHHUX MOKPUTTIB 1 OKPECICHO HAMPSAMHU MOJANBIINX JTOCIIKEHb.

Kiro4oBi cjioBa: aepopoMHe TOKPUTTSI, i I3HUH IIIAX, HAMPYKEHO-Ae(hOPMOBaHHUI CTaH,
CKIHYEHHO-€JIEMEHTHA MOJIEIb.
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Abstract. The article presents a study of calculation and design methods for strengthening
reinforced concrete floor slabs by installing an additional layer of cast-in-place concrete. The
relevance of the topic is determined by the need to extend the service life of existing buildings in
Ukraine under increased service loads, changes in the functional use of premises, and stricter
reliability and safety requirements. A historical analysis of the development of shear-friction theory
is carried out - from initial studies to modern fracture-mechanics models that form the normative
basis for the design of interface joints in reinforced concrete members. A comparative analysis of
analytical expressions for determining the shear capacity of the "old-new concrete” interface is
performed in accordance with national (DBN, DSTU) and foreign codes (Eurocode 2, ACI 318, CSA
A23), and approaches to accounting for adhesion, friction and mechanical interlock due to surface
roughness and shear keys are summarised. Differences in the treatment of the components of shear
resistance, which directly affect the amount of steel required for strengthening, the necessary
thickness of the additional concrete layer, and the requirements for preparation of the contact surface,
are identified. Particular attention is paid to the methodology of numerical modelling of the stress-
strain state of strengthened slabs in specialised software packages such as LIRA-SAPR and others,
including issues of selecting finite element types and modelling the interface joint. Recommendations
are provided on the rational combination of analytical calculations and numerical modelling results
in the design of strengthening solutions, and directions for further research aimed at refining design
models and improving the efficiency of structural solutions are outlined. The obtained generalizations
can be used to substantiate structural solutions for strengthening floor slabs and to improve the
reliability of their calculations at various stages of design.

Keywords: strengthening of reinforced concrete slabs, concrete overlay, interface joint, shear
forces.

Introduction. The construction industry in Ukraine and worldwide is currently largely focused
on the reconstruction and rehabilitation of existing buildings and structures. A substantial proportion
of RC structures commissioned in the second half of the twentieth century are now in a condition
approaching the limit state with respect to physical deterioration criteria, or require adaptation to
updated regulatory requirements and increased service loads [1-2]. Floor slabs, as the primary
horizontal rigidity diaphragms and elements directly carrying imposed loads, are susceptible to
defects associated with excessive deflections and crack formation. In addition to physical
deterioration, there is often a need to strengthen floor systems when the functional use of spaces
changes (e.g., conversion of office areas into storage or archival facilities, installation of heavy
equipment on roofs, etc.) or when rectifying design and construction errors [3-4].

Among the wide range of methods for restoring load-bearing capacity-from the installation of
additional beams [5-6] to external strengthening with carbon fibre strips [7-8] — the method of cross-
sectional enlargement with concrete plays an important role [9-10]. This technique involves the
construction of an additional layer of reinforced concrete on top of the existing slab, which makes it
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possible to increase the effective depth of the cross-section, enhance its flexural and shear stiffness,
and, if required, restore the concrete cover to the reinforcement [11-14].

However, the design of strengthening by cross-sectional enlargement is associated with a number
of complex engineering and scientific challenges. The key issue is ensuring reliable composite action
between the "old" concrete and the "new" layer. If a reliable interface is not provided, the structure will
behave as two independent slabs sliding relative to each other, which will lead to a significant reduction
in load-bearing capacity and stiffness compared with a monolithic cross-section [15]. The mechanics of
force transfer through the interface joint, which involves adhesion and friction, is complex and depends
on many factors, including surface roughness, concrete strength class, the magnitude of normal stresses,
shrinkage strains, and others [16].

Analysis of recent research and publications. The issue of ensuring composite action
between concretes cast at different times remains a subject of active scientific investigation, while
the fundamental concepts of the mechanisms governing force transfer across cracks and interface
joints were established in the mid-twentieth century; the development of design methods for interface
joints has been inextricably linked to the evolution of reinforced concrete theory, and in the first half
of the twentieth century, calculation models were predominantly based on empirical rules that treated
concrete as a homogeneous medium and did not account for the nature of crack opening.

A revolutionary milestone was achieved through studies conducted in the 1960s. Birkeland and
Birkeland were the first to formulate the hypothesis of the "shear-friction theory™ [17]. They proposed
treating the failure or interface surface as a rough, serrated structure. According to their model, when
one concrete part attempts to slide relative to another, the surface asperities “ride up” over each other,
which results in a forced separation of the surfaces (Fig. 1).
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Fig. 1. Shear-friction theory model

If the interface joint is crossed by reinforcement, this separation induces tensile forces in the
bars. In response, the reinforcement, acting in the elastic or plastic stage, generates a compressive
force at the interface, which in turn mobilises frictional resistance. This mechanical model became
the basis for design expressions adopted in most international codes, including ACI 318 (9).

In the late 1960s and the 1970s, Mast and Hofbeck [18] extended this theory by introducing the
concepts of bond and the influence of externally applied normal forces. They demonstrated that, even
in the absence of transverse reinforcement, the interface can resist substantial shear forces due to
chemical adhesion and mechanical interlock of the aggregate, particularly for high-strength concrete.

In the late 1960s and throughout the 1970s, Mast and Hofbeck [18] extended this theory by
introducing the concepts of bond and the effect of externally applied normal forces. They
demonstrated that, even in the absence of transverse reinforcement, an interface can develop
considerable shear resistance due to chemical adhesion and mechanical interlock of the aggregate,
particularly in high-strength concrete.

Purpose and objectives. The purpose of this article is to systematise approaches to the design
of RC slabs strengthened by cross-sectional enlargement, taking into account the requirements of
modern regulatory documents and the capabilities of advanced software packages.
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Comparative analysis of codified approaches to the design of the interface joint. The design of
strengthening of RC floor slabs is an important stage in engineering practice, as it determines the
safety and durability of buildings and structures. This is also important from the standpoint of
economic efficiency, since strengthening existing structures is often a more cost-effective solution
than complete replacement or reconstruction.

The design of slabs strengthened by cross-sectional enlargement in accordance with previously
applicable standards [20] was based on simplified procedures, in which primary attention was paid to
the strength of concrete and reinforcement, as well as the stiffness of the structural system. The main
emphasis was placed on considering the enlarged cross-section as part of a homogeneous structure,
without a detailed allowance for potential slip between the new and old concrete. This implied that,
under conditions of adequately ensured bond (roughened surface, mechanical anchors, etc.), the
structure behaved as an integral unit. This made it possible to provide the required load-bearing
capacity under standard conditions; however, it did not account for all possible time-dependent
changes in material properties.

With the transition to the Ukrainian DBN, the requirements for the verification of strength and
bond reliability between the old and new concrete have been specified in greater detail [21]. The
approach is based on accounting for the composite action of the new and existing cross-sections;
however, additional requirements for construction quality control have been introduced, including
appropriate methods for connecting old and new structural elements. According to [22], criteria are
provided that include the assessment of transverse shear forces, friction coefficients, the adhesive
properties of the interface surfaces, and additional reinforcement at the interface. The design of such
structures mpeaycmarpusae verification of shear stresses at the interface surface, which shall satisfy
the following conditions:

Vea < Via,

where VEed is the design value of the shear forces, and Vrd — is the shear resistance at the
interface.

To account for the influence of surface roughness parameters and the stress state in the joint zone
between the new and the existing concrete parts, coefficients are used that depend on the type of interface
surface (smooth, rough, or indented). An important aspect is ensuring adequate reinforcement at the
interface, which prevents relative displacement of the layers (Fig. 2). Such a methodology makes it
possible to consider not only the physical properties of the materials but also the structural parameters that
significantly affect the strength and deformability of strengthened RC slabs.
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Fig. 2. Shear stress diagram illustrating the required interface reinforcement

Eurocode 2 [23] requires a thorough assessment of the bond between the old and the new concrete,
which depends on surface roughness and mechanical anchorage. If the bond is poor or absent, separate
design checks are stipulated for each layer, which significantly reduces the overall load-bearing capacity.
The European provisions place considerable emphasis on long-term effects such as concrete creep and
shrinkage. It is important to properly evaluate how these effects influence strain compatibility between
the new and the old concrete in order to avoid undesirable stress redistributions. The use of reinforcement
in the new concrete layer is also envisaged, and verification of its placement and compliance with the
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design parameters is required to ensure sufficient load-bearing capacity. In addition, composite materials
may be applied for supplementary strengthening, which enables an increase in the strength and durability
of the structure. A critical step is the correct determination of the shear resistance at the interface between
the new and the old concrete.

Study [24] analyses how different international standards propose different approaches to
assessing the strength of the joint between old and new concrete when strengthening RC slabs by
cross-sectional enlargement. In particular, in Model Code 1990 the interface shear strength is
calculated by considering cohesion and friction, which are determined using tabulated coefficients.
The upper limit of shear strength is set at 25% of the concrete compressive strength, which serves to
limit the forces that can be transferred across the joint. In Eurocode 2, the approach is similar;
however, it additionally accounts for the influence of the inclination angle of the reinforcement
crossing the joint and the normal stresses arising in the contact zone between the old and the new
concrete. In this case, the maximum strength is limited to 50% of the concrete compressive strength.
The Canadian standard CSA A23.3 introduces a coefficient A that accounts for the possibility of
cracking along the shear plane, which may occur due to relative movement between the old and the
new concrete. The maximum joint strength in this case is also limited to 25% of the concrete
compressive strength. ACI 318-11, unlike the European and Canadian approaches, focuses
exclusively on the reinforcement crossing the layers, without detailed consideration of cohesion and
friction. The shear strength in this standard is limited to the minimum value of 0.2fc or 5.52 MPa,
depending on the condition of the old-concrete surface. Table 1 illustrates how different standards
address the calculation of joint strength between the old and the new concrete during structural
strengthening.

Table 1 — Strength of the interface joint between old and new concrete according to different

standards
Design code Year Equation
Model Code 1990 [25] | 1993 | tr=c. fetd + . (on+ p. fy) <0.25. ferd
Eurocode 2 [24] 2004 | tr=c. fetat .ont+ p. fy. (u.Sina+cos a) <0.5.v. fed
CSA A23.3-04 [26] 2004 | tR=A. ¢c. (c + p. (on + p. fy. SiNQ)) + ¢2. p. fy. COS a <0.25.
¢C- fC
ACI 318-11 [27] 2011 | Tr = p. fy. (u. Sin a + cOS a)
Model Code 2010 [28] | 2013 | tr=c. fc 1/3 + p. (on + p. k. fy) + a. p. Nfe. fy <Be. V. fed

Features of modelling in the LIRA-SAPR software package. Modelling of the stress-strain state
of RC slabs is performed on the basis of the finite element method in the environment of the LIRA-
SAPR software package or other software tools [29-30]. This enables the application of both
simplified linear-elastic slab models and spatial materially nonlinear models that account for the
actual structural behaviour, including concrete damage, cracking, and the real performance of the
"old/new concrete" interface.

In [31], a spatial model based on solid finite elements of type SE-36 was used to analyse
deflections of RC slabs strengthened by concrete overlay and supported along the contour (Fig. 3 and
Fig. 4). The slab was discretised into a fine regular mesh in plan and into 12 layers through the
thickness, which made it possible to assign different elastic moduli to individual layers and to vary
slab stiffness. This approach is demonstrative for modelling strengthened slabs: the existing slab and
the new concrete layer should be represented as separate layers within the solid model with individual
material properties, while the reduction in stiffness in cracked zones should be introduced through
adjustment of the elastic moduli.
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Fig. 3. Computational model of the slab in the  Fig. 4. Schematic representation of the SE-
LIRA-SAPR software package 36 finite element

In [32], the slab was modelled using three-dimensional solid brick finite elements (analogous
to FE-36 in LIRA-SAPR), which made it possible to capture the stress distribution through the entire
thickness and the development of cracks. The concrete layers were defined as separate element sets
with their own physical and mechanical properties (Fig. 5, Fig. 6). The "old-new concrete™ interface
was not modelled as perfectly rigid but rather through a system of contact nodes and nonlinear contact
elements governed by a stress-slip (t-S) relationship, which enabled partial opening and slip between
the layers. The reinforcement was represented by embedded bar elements acting compositely with
the solid concrete elements. This formulation made it possible to accurately reproduce the
redistribution of shear stresses at the interface and a realistic deformation pattern, which is critical for
analysing the behaviour of strengthened slabs.
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o o=
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Fig. 5. Schematic of the test slab Fig. 6. Meshing of the slab and the
strengthening layer

In [33], a comparison is presented of three approaches to the analysis of shell FE floor slabs
available in LIRA-SAPR: linear analysis, materially nonlinear analysis, and analysis in the
"engineering nonlinearity" mode. The linear model is used for the initial evaluation of displacements
and for reinforcement design in accordance with code provisions. The materially nonlinear option is
built on the same finite element scheme, but with allowance for the nonlinear constitutive behaviour
of concrete and reinforcement (exponential or piecewise-linear o-¢ diagrams) and is implemented
using a stepwise/stepwise-iterative procedure in the nonlinear processor. This makes it possible to
analyse stiffness degradation of the slab with increasing load, as well as crack opening width and
crack depth, which is fundamentally important when assessing the effectiveness of slab strengthening
by cross-sectional enlargement.

In [34], several two-dimensional finite element models of reinforcement-concrete bond were
developed in the LIRA-SAPR software package, based on introducing special bond bar elements FE-
210 between plate elements representing concrete and reinforcement (Fig. 7, Fig. 8). The bond
elements act in tension, compression, or shear, have their own nonlinear deformation law, and allow
reproduction of t-s relationships for the interface layer, as well as the distributions of shear stresses,
displacements, and strains along the anchorage length. By analogy with these models, the "existing
slab — new concrete layer" interface can be described by a system of discrete elements that simulate
the action of shear keys, anchors, surface roughness, or an adhesive interface, which constitutes a
promising direction for refined analyses of slabs strengthened by cross-sectional enlargement.
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Fig. 7. Two-dimensional model of Fig. 8. FE discretisation of the model
reinforcement—concrete bond

Thus, several levels of modelling detail for floor slabs have been established in the LIRA-SAPR
software package:

— simplified linear shell models with equivalent thickness and stiffness, used for preliminary
selection of strengthening parameters;

— spatial models based on solid finite elements with layerwise-defined concrete properties for
the existing slab and the new layer, in which nonlinearity is accounted for either by reducing the
elastic moduli or by means of materially nonlinear analysis;

— models incorporating discrete bond elements, which make it possible to analyse the
distribution of forces at the interface and the potential slip between layers.

Conclusions. The design of floor slabs strengthened by concrete overlay is based on the shear-
friction theory. The DBN provisions and international codes allow the consideration of cohesion and
other parameters. Numerical modelling in the LIRA-SAPR software package or other analysis tools
using solid elements is important for the correct assessment of the stress-strain state. However, most
existing recommendations propose limit-state-based design, treating the interface either as perfectly
rigid or as fully separated. In contrast, the actual behaviour of a strengthened slab is often governed
by an intermediate stage of partial slip, which affects both the strength and deformability of slabs.
Ukrainian and European regulatory documents also differ in the empirical coefficients used for
interface shear design, which complicates the adaptation of international experience. The procedures
for accounting for shrinkage and creep between old and new concrete in domestic and foreign
software packages are often reduced to simplified calculation approaches that do not represent the
actual stress-strain state at the interface, which may lead to erroneous predictions of the overall load-
bearing capacity of the strengthening system.
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AHoTamisgs. Y crarTi TNPeNCTaBICHO JOCTIDKEHHS METOJIB PO3paxyHKy Ta IPOEKTYBAaHHS
MiJACUICHHS 3ai300€TOHHUX TUTMT TIEPEKPUTTS NUISXOM YJIAITYBaHHS JOAATKOBOTO IIapy
MOHOJIITHOTO O€TOHY. AKTYaJIbHICTh TEMH BU3HAYAETHCSI HEOOX1THICTIO TIPOIOBKEHHSI PECypCy poOOTH
HasiBHUX OyziBenb YKpaiHM 32 yMOB MiJBHILIEHUX EKCIUTyaTalllfHUX HaBaHTaXKeHb, 3MiH KOPHUCHOTO
MPU3HAYCHHS TPUMIIICHD 1 MMOCHJICHUX BUMOT J0 HajidHOCTI Ta Oesneku. [IpoBeaeHo icTropuyHMit
aHaJi3 PO3BUTKY TEOpil 3CYBHOIO TEPTS — Bij MOYATKOBUX POOIT IO CyYaCHHUX MOJIENICH MeXaHIKU
py¥HYBaHHS, MO (OPMYIOTh HOPMATUBHY 0a3y JJIsl pO3paxyHKy KOHTAKTHHX IIIBIB 3aJ1i300€TOHHHX
€JIEMEHTIB. BUKOHAHO TOPIBHSUTGHUI aHA3 aHAITHYHHUX 3aJIC)KHOCTEH ISl BU3HAYCHHS MIITHOCTI
KOHTAKTHOTO ITBa «CTapUii—HOBHIA OeTOH» BiamoBiaHo a0 HarioHanbHuX (JIBH, ICTVY) Ta iHo3eMHMX
HopM (Eurocode 2, ACI 318 ,CSA A23), y3araibHEHO IiIX0I1 0 BpaXyBaHHS aJre3ii, CUJI TepTs Ta
3UEIUICHHS 3a PaxyHOK IIOPCTKOCTI TOBEPXHI 1 IIMOHOK. BHUSBICHO BIAMIHHOCTI y BpaxyBaHHI
CKJIAJIOBUX 3YCHJIb 3CYBY, SIKi O€3MOCEpEIHRO BIUIMBAIOTH HA METAIOEMHICTD TiJICHIICHHS, HEOOX1THY
TOBIIMHY JIOJJATKOBOTO IIapy Ta BUMOTH JO MiJATOTOBKM KOHTaKTHOI TOBepxHi. OKpemy yBary
MIPUIIIEHO METOJIOJIOTIi YMCIIOBOTO MOJICITIOBAHHS HANPYKEHO-1e()OPMOBAHOTO CTaHy IiJCUICHUX
TUTMT Y CTICIiali30BaHMX MPOTrpaMHKX KoMIuiekcax Takux sk [1K Jlipa Carp Ta iHIIIi, 30KpemMa MM TaHHSIM
BUOOpY, THITIB CKIHYCHHUX €JIEMEHTIB Ta MOJICIIOBAaHHS KOHTAKTHOTO IiBa. HaBeneHo pekomeHmairii
I0JI0 PAIliOHATFHOTO MOETHAHHS aHATITHYHUX PO3PaXyHKIB Ta PE3YJIbTATIB YUUCIOBOTO MOJICITIOBAHHS
MIPU TIPOEKTYBAHHI MiJICHJICHHS, a TAKOXK OKPECIICHO HAIPSIMHU TOJATBIINX JTOCIIKEHb, CIIPSIMOBAHUX
Ha YTOYHEHHs PO3PAXyHKOBUX MOJIENICH 1 IMiJBHIICHHS €(QEKTUBHOCTI KOHCTPYKTUBHHX PIIlICHb.
OtpuMaHi y3arajJbHEHHsST MOXXYTb OyTH BHKOPHCTaHI JUIsi OOTPYHTYBaHHS KOHCTPYKTHBHHX pIllICHb
MJICWICHHS TUTUT TIEPEKPUTTS Ta IiJBHIICHHS JOCTOBIPHOCTI IX PO3paxyHKy Ha pI3HHX eTarax
MIPOEKTYBAHHI.
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3yCHIUIS 3CYBY.
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By JIbBiBCBKa, 75, M. Jlynbk, 43018, Ykpaina

AHoTanig. Cy4yacHi YMOBH eKcIUTyaTauii O€TOHHMX KOHCTPYKIiM 3yMOBIIIOIOTH MiJBHIIEHI
BUMOTH 10 (P13MKO-MEXaHIYHUX XapaKTEPUCTUK MaTepialliB, 30KpeMa MIIIHOCTI, TPIIIMHOCTINKOCTI,
yIapHOi B’SI3KOCTI Ta 3HOCOCTIMKOCTI, @ TAaKOX N0 IX CTIHKOCTI B yMOBaX BIUIMBY arpeCUBHHUX
cepenoBuil. [lepcreKTUBHUM CIIOCOOOM YIOCKOHAJICHHS €KCIUTyaTallliHOl HaalHHOCTI OETOHHHUX
KOHCTPYKIIIH € 3aCTOCYBaHHS JUCIIEPCHOTO apMyBaHHs — pIBHOMIpHE JI0JIaBaHHsI KOPOTKUX BOJIOKOH
y OeTOHHY MaTpHIto. Take TEXHOJIOTTUHE PILICHHS 3MEHILY€E IHTEHCUBHICTh PO3BUTKY TPILIHH 1 1X
LIMPHUHY, NIABHILY€E €HEPrOEMHICTh PyHHYBaHHs, MOKpAIly€e PO3MOILUT HAIPYKEHHS B MaTepiali Ta
3abe3nevye HaaiiHy poOOTYy KOHCTPYKIIH B yMOBaX JIMHAMIYHOTO a00 yJapHOTO HaBAaHTAKCHHSI.

VY craTTi NOJaHO OrJIsA Pe3yibTaTiB BITUM3HAHUX Ta 3apyODKHUX JOCIHIIKEHb LI0J0 BIUIUBY
pi3HuX THMIIB Gi0pHU: cTaneBoi, MmoiaiMepHoi, 0a3anbTOBOI, CKISHOI Ta BYTJIEIEBOI Ha OCHOBHI
MOKa3HUKU MIIHOCTI OeTOHYy (CTHUCK, OCBOBHI PO3TSAT, PO3TAT NPH 3TUHI, CTIHKICTh A0 YAapHUX
HABaHTAKEHb), & TAKOXK Ha IOB’S3aHI EKCIUTyaTalliiiHi XapaKTepUCTUKU (BOJOHETPOHHKHICTH,
MOPO30CTIHKICTh, XiMiuHa cTiliKicTh). [loka3aHo, 10 e(QEKTHBHICTH TaKOrO THITy apMyBaHHS
3HAYHOIO MIPOI0 BH3HAYAETHCS T'EOMETPIEI0 Ta MEXaHIYHMMU BIIACTUBOCTSIMH BOJIOKOH, BHUJOM
HaBaHTAXEHHS, YMOBAMHU €KCILTyaTallii, OpiEHTAIlI€}0 BOJIOKOH 1 SIKICTIO iX 34eIUICHHS 3 OETOHHOIO
MaTpHuIel0. 3A1MCHEHO y3arajJbHeHHs €KCIIepUMEHTAIBHUX Pe3yJIbTaTiB 11010 BUKOpUCTaHHS (10pu
B JIOPOXHIX KOHCTPYKIIAX (BOAOBIJBIIHI JIOTKH, Oe3HamipHi TpyOH, OOOJOHKHM), 3alli3HUYHUX
1irnanax, a TakoXX y KOHCTPYKIIISIX 3 MiJBULIEHOIO BUOYXOCTIHKICTIO.

Oxpemy yBary npuiiieHO KOMOIHOBaHOMY 3aCTOCYBaHHIO (hiOpH Ta KIIACHYHOTO apMyBaHHS JUIs
MABUILEHHS HECy4ol 3/1aTHOCTI Ta ONTHMI3alli po3MipiB KOHCTPYKTUBHHMX €JIEeMEHTIB. Po3risHyTo
MIePCTIEKTHBH MO€THAHHS AUCTIEPCHOT0 apMYBaHHS 3 HAHOMOAN()1KOBAHOIO IEMEHTHOIO MAaTPHIIEIO, sIKa
Ma€ MOKpallleHy MIKPOCTPYKTYpY Ta MiABHUILEHI TPIIIMHOCTIAKICTD 1 IBUAKICTb TBEPAIHHS.

KirouoBi cioBa: ¢iOpoleroH, aucnepcHe apMyBaHHS, (Pi3MKO-MEXaHI4HI BJIACTHBOCTI,
TPIIIMHOCTIMKICTD, JOBTOBIYHICTh, THHAMIUHI HABAHTAKEHHS.

Beryn. beron € ofHMM 13 HaWMOMIMPEHIIMX KOHCTPYKUIMHUX MaTrepiajiiB y OyAiBHUITBI
3aBJIIKM BHCOKIN MIIIHOCTI Ha CTUCK, IIUPOKIH JOCTYIHOCTI CHPOBUHU Ta T€XHOJIOTIYHIA MPOCTOTI
BUTOTOBJICHHA. AJle  TpaJWIiiHI I[EMEHTHI KOMIIO3UTH  XapaKTEePHU3YIOThCS  HU3BKOIO
TPILIMHOCTIMKICTIO, HEAOCTATHBOIO YJApHOIO B’A3KICTIO Ta CXWIBHICTIO A0 (OpMyBaHHS
MIKpPOTPILIUH MiJ JI€0 yCaJAKOBUX 1 TeMmnepaTypHux aedopmariiil. L{i Heomiku cyTTeBO 0OMEXYIOTh
JIOBIOBIYHICTD 1 €KCIUTyaTalliiiHy HaJiliHICTh OETOHHUX KOHCTPYKIIii, OCOOJMBO B YMOBaxX BIUTUBY
arpeCUBHUX CepeIOBUI a00 Aii 3MIHHHX 1 TUHAMIYHUX HAaBAaHTaXEHb.

VY myOmikarii 30cepemKeHo yBary mepenyciM Ha (Pi3MKO-MEXaHIYHHMX BJIACTHBOCTIX OETOHY
(MIIHICTh Ha CTUCK, OCKOBHI PO3TSAT, PO3TAT TPH 3T'HHI, TPIIIMHOCTIMKICTD, YIapHa B SI3KICTh), @ TAKOXK
Ha EKCIUTyaTallifHUX XapaKTepPUCTHUKaX (JIOBrOBIYHICTb, MOPO3OCTIHKICTh, BOJOHETIPOHUKHICTB). Y
MeXax IbOTO OISy MIKPOCTPYKTYPHI aCleKTH HaBEJEHO BHOIPKOBO — JIMIIIE JIJIsl IHTEpIpeTallii 3MiH
(hi3MKO-MeXaHIYHUX Ta EKCIUTyaTalliiHIX XapaKTePUCTHK, ONMCAHUX Y MTPOAHAIII30BaHUX JKEpeax.

[lepcrieKTHBHIM METOJIOM TOKpAalIeHHs (hi3MKO-MEXaHIYHUX BIACTUBOCTEH OETOHY € HOTro
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JMCTIEPCHE apMyBaHHS, 110 Nependadyae piBHOMIPHE JAOAABAHHSA KOPOTKUX BOJIOKOH y CTPYKTYpPY
O0eronHoi Mmarpumi. Taka TexHoOIOTis 3a0e3medye Nepepo3NOoail JIOKAJTi30BaHUX HaIpPYy)KEHb,
3MEHIICHHS TPIIIMHOYTBOPEHHS 1 MIJABUIICHHS EHEPrOEMHOCTI pPYHWHYBaHHS, L0 B KOMIUIEKCI
HiIBUIIYE HATIHICTh Ta JOBrOBIYHICTh KOHCTPYKIiH. 3aJe)KHO BiIl THITy BOJOKOH (cTalieBi,
noJIiMepHi, 6a3albTOBI, CKIISHI a00 ByIJIeneBi) — (GOpPMYEThCS Pi3HUI BIUIHB Ha MIKPOCTPYKTYpPY Ta
MEXaHI4HI XapaKTepUCTUKU OETOHY, 110 3ade3nedye IHUPOKI MOMIMBOCTI AJI afanTtauii CKiiaxy
($16po0eTOHHOT CyMillli 1] KOHKPETHI YMOBH €KCILTyaTallii.

AHaJi3 ocTaHHIX J0C/iIKeHb Ta myOJaikaniii. YIpo1oBk ocTaHHIX AeCATUIITH HiOpodeToH
1 ioT0 IUCTIEpCHE apMyBaHHS aKTUBHO JOCIDKYIOTHCS B KOHTEKCTI MiIBULIIEHHS TPIIIMHOCTIMKOCTI,
MIITHOCTI Ta JIOBFOBIYHOCTI OETOHHUX KOHCTPYKIIINA. 3HaYHA KUIbKICTh HAYKOBHX POOIT MpUCBSYCHA
BHUBYECHHIO BIUIMBY I'€OMETPHUYHUX HapaMeTpiB BOJOKOH, iX CTPYKTypHU Ta 00 €MHOIO BMICTY Ha
(131KO-MeXaH14HI BJACTUBOCTI OETOHY.

30kpeMa, AociiKeHHs [1-4] miaTBepuKYIOTh BUCOKY €(QEKTHBHICTH CTaJIEeBUX BOJIOKOH,
0c00JIMBO raukonoi0Hoi ¢popmu (aHkepHa (i0pa) Ui MiABUILEHHS MILHOCTI Ha PO3TAT IIPH 3THHI,
TPIIIMHOCTIMKOCTI Ta CTIMKOCTI 10 yJapHUX i BUOYXOBHX HaBaHTakeHb. HaykoBi mpami [2, 5, 6]
OINUCYIOTh MO3UTUBHUI BIUIMB 0a3aibTOBOI (h16pU HA MOPO3OCTIHKICTh, (OPMYBaJIbHI BIACTUBOCTI
Ta MIKpOCTpYKTypy cymimi. Ilomimepni BonokHa ((piOpu), 30kpema MOJIMPONIIEHOB], aKTUBHO
3aCTOCOBYIOTHCS SIK HEJOPOTHi 3aci0 MiJBUIIEHHS TEPMIHY €KCIUTyaTallll, 3MEHIIEHHs YCaIKOBUX
nedopmaltiii 1 miaBUIIEHHS yAapHOi B’ sI3k0cTi [7, 8].

Omny0s1ikOBaHI pe3yJbTaTH HAyKOBOTO AOCikeHHs [9] OmMCyroTh CyTTEBE BIOCKOHAICHHS
CTPYKTYpU OETOHY BHACHIJIOK 3aCTOCYBAaHHS HAHOMOJU(DIKOBAHOI IEMEHTHOI MaTpPUIll 3 TUCTIEPCHUM
apMyBaHHSM, 1110 JJO3BOJISIE OTPUMATH BUCOKY aOCOJIIOTHY MILHICTb NPH Jii AMHAMIYHUX HABAHTAKEHb.

BapTo 3a3HaunTH, 1110 HAYKOBII JOCTIHKYIOTh 1 KOMOIHOBaH1 MIXOAM apMyBaHHsI KOHCTPYKITii
— 30KpeMa roetHaHHs (Hi0pPOBOTO apMyBaHHS 3 TPATUIIIMHIMH apMaTypHUMH KapKacaMH, IO JI03BOJISE
MOKPALIUTH €KCIUTyaTalliiiHi HOKa3HUKHU KOHCTPYKLIH y CKIaHUX YyMOBax iX HaBaHTaxeHHs [4, 10]. Y
nociipkeHHl [11] 3amponoHOBaHO BIOCKOHANIEHY METOAMKY PO3pPaxyHKYy KOMOIHOBaHO-apMOBAHHUX
€JIEMEHTIB 13 ypaxyBaHHSAM IOBHOI poOOTH MaTepially Ha CTUCK Ta OCBOBUI PO3TAT, L0 € 0COOIUBO
AKTyaJIbHUM JUJIsl IPOEKTYBAHHS 3TMHATIBHUX KOHCTPYKIIIH 31 cTasiediopoOeTony.

Boanouac aHani3 niTepaTypHUX JDKEpEN CBIIYUTH MPO BiJACYTHICTh YHI()IKOBaHUX MIAXOIB J10
OLIIHKHM €(eKTUBHOCTI PI3HUX THUIIIB BOJIOKOH Ta iX KOMOiHaIlii, 0COOIMBO B YMOBaxX KOMILIEKCHOTO
HaBaHTaXXeHHs (BUOYXOBOT'0, BOTHEBOTO, MOBTOPHOro) ab0 BIUIMBY arpecuBHUX cepenosuil. lLle
3YMOBITIOE€ HEOOXIHICTh TOJANBIIOT CHCTEMAaTH3Aallli HassBHUX JAaHUX 1 MPOBEACHHS KOMIUIEKCHUX
MOPIBHSJIBHUX JIOCHIJKEHb 3aCTOCYBAaHHS PI3HUX THUIIIB (i0p A apMyBaHHS OETOHY.

Mera Ta 3aBaaHHsi. MeTOI0 LIbOTO JOCHIKEHHS € Yy3arajJbHEHHS pe3yJbTaTiB HayKOBUX
eKCIIEPUMEHTIB 100 BIUIMBY PI3HUX THIIIB JUCIEPCHOTO apMyBaHHS Ha (Di3MKO-MeXaHI4Hi
BJIACTUBOCTI OETOHY Ta aHali3 e(pEeKTUBHOCTI 3aCTOCYBaHHS (PiOPOBUX KOMIIO3UTIB y OYIBHULITBI.

Jlist JoCsITHEHHSI TOCTABICHOT METH CPOPMYIIbOBAHO TaKi 3aBIaHHS:

1) mpoanamizyBaTH OCHOBHI THUIHM BOJOKOH, IO BHUKOPHCTOBYIOTHCS JUIsl JUCHEPCHOTO
apMyBaHHS OETOHY;

2) BCTaHOBHTH BIUIMB TE€OMETPHYHMX 1 MEXaHIYHMX XapaKTePHCTUK BOJOKOH Ha
TPILMHOCTIMKICTD, MIIIHICTh Ta 1HIIII OCHOBHI XapaKTEPUCTUKU OETOHY;

3) oxapakTepu3yBaTH MEXaHI3MHU B3aEMO/Iii BOJIOKOH 13 OETOHHOIO MaTPHIICIO;

4) cucremMaTH3yBaTH MIEPEBark 3aCTOCyBaHHA (10pOOETOHY — 3aJI€KHO BiJl yMOB €KCIUTyaTallii.

Martepiajiu Ta MmeToauka gociaizkeHHsi. OCKUIBKY HayKoBa po00Ta Ma€ OIJISIOBUI XapakTep
1 06a3yeTbcs Ha KPUTUYHOMY aHaJli3l CydacHOi HAYKOBOI JIITEpaTypH, IO MPHUCBAYCHA BILUIUBY
JUCIIEPCHOTO apMyBaHHA Ha (hI3MKO-MEXaHIYHI BIIACTUBOCTI Ta MIKPOCTPYKTYypy Oetony. [lis
OIpaIfOBaHHs [IPOAaHAI30BaHO 32 HAYKOBHUX JUKepesa (peLeH30BaHi HayKOBI CTAaTTi, OTJISIOBI Tpaili,
CKCIICPUMCHTAJIbHI 3BITH Ta YHWHHI HOPMATHBHI JOKYMEHTH), 3 SIKUX OLIBIIICTH OMyOJIiKOBaHi
MPOTSITOM OCTaHHBOTO JACCATUIIITTS.

OCHOBHMM METOJIOM € TIOPIBHSUIBHUH aHaNi3 pPe3y/ibTaTiB, TNPEACTABICHUX Yy PI3HHUX
JOCTITHULBKUX poOoTax. OcobauBy yBary NpuaiIeHO BIUIMBY THITYy BOJIOKOH (CTaJIeBHX, MOJIMEPHHUX,
0a3aJIbTOBHX, CKIISTHUX, BYTJICIIEBMX ) HA OCHOBHI €KCILTyaTaliifHI XapaKTepPUCTUKH OCTOHY: MIITHICTh Ha

ISSN 2786-6696 Modern construction and architecture, 2026, no. 15, page 51-67




BUILDING MATERIALS AND TECHNIQUES

CTUCK, OCBOBHI PO3TAT 1 PO3TAT MPHU 3TWHI, TPIIIMHOCTIMKICTh, 3HOCOCTIHKICTH, MOpPO30CTIMKICTB,
BOJIOTIOTJIMHAHHS Ta CTIHKICTB /10 BIUIMBY arpeCUBHUX cepeoBHI. OKpeMo MpoaHaIi30BaHO Pe3yJIbTaTH
MIKpPOCTPYKTYPHOTO aHaIi3y, a TAKOXK J1aH1 YMCIOBOTO MOJETIOBAHHS MOBEIIHKH (HiOpoOeTOHY.

Pe3yabTaTi Aocigkenb. BapTo 3a3HaunTH, 1m0 y Oy IiBHUITBI OCTOH 3aJIMIIAETHCS OJHUM 13
KIIOYOBUX KOHCTPYKUIMHMX MaTepiamiB, SKHH IIHPOKO 3aCTOCOBYETHCS Yy JKUTIIOBOMY,
MIPOMHCIIOBOMY Ta 1H(GPACTPYKTYPHOMY CEKTOP1 3aBASKH BUCOKIM MIIIHOCTI Ha CTUCK, JOCTYITHOCTI
CHUPOBHHHOI 06a3M Ta BIHOCHIN MPOCTOTI TEXHOJOTI] BUTOTOBJIEHHA. BogHOUac BiH Mae 1 CyTTeBI
HEJOJIKHA — HU3bKa TPIIMHOCTINKICTh, 0OMEXEeH1 XapaKTEpUCTUKH Ha OCbOBUI PO3TAT 1 PO3TAT IIPU
3TUHI, a TaKOXX YTBOPEHHs MIKPOTPIIIMH IiJ] JAi€l0 YCaJKOBUX 1 TemmeparypHux nedopmarii. Lli
HEJOJIKU aKTyalli3yloThCs IIPU 11 MOBTOPHUX UM YJapHUX HaBaHTAXEHb, a TAKOXK 3a EKCIUTyaTallii B
YMOBax BIUIMBY arpeCUBHUX CEPEOBHUIII.

®i6pobeToH — 1€ PI3HOBHA OETOHHOTO KOMIIO3UTY, IO CKIAJAEThCS 3 B’ SDKYUOTO,
3all0OBHIOBAYiB Ta JMCIEPCHUX BOJIOKOH PI3HOTO THUIY 1 reoMeTpii. SIKIIO MOAyJb HpPYKHOCTI
BOJIOKOH TEPEBUIIYE MOYJIb OETOHHOI MaTPHIll, BOJIOKHA CIIPUIMAIOTh HAa c€0€ OCHOBHY YaCTHUHY
30BHIIIHIX HAaBaHTAXEHb, @ MILHICTh KOMIIO3UTY 3POCTA€ 31 30UIBIIEHHAM X BMICTY J0 MEBHOIO
ONTUMAJILHOTO PIBHS. ApMYBaHHS CIPHUS€E MOKPAIIEHHIO MILIHOCTI OETOHY Ha OCBOBHM PO3TSAT, CTUCK
1 pO3TAT NpPU 3TUHI, @ TAaKOXK YIApHOi B’S3KOCTi, TPILMHOCTIMKOCTI, 3HOCO- i MOpPO30CTIHKOCTI,
BOJIOHETIPOHUKHOCTI Ta TepMiHy ekcrutyaraiii [1]. BaxkiauBo 3a3HaunTH, 110 BIUIMB Ha MIIHICTh HA
CTHCK € 3QJIEKHUM BiJ] TUILY BOJIOKOH 1 TEXHOJIOT1i BUTOTOBJICHHS.

ApMyBalibHI BOJIOKHA 3 HU3bKUM MOJYJIEM INPY>KHOCTI (HEHJIOH, NOJIIPOIIICH, aKpHJl) MEHIL
e(EeKTUBHO MiABHUILYIOTh KOPCTKICTb, aj€ CyTTE€BO IiJIBUIIYIOTh HPY>KHI BIacTUBOCTI. BonokHa 3
BHUCOKHM MOJIyJIEM MPYKHOCTI (CTasieBi, CKJIsHI a00 ByTJICICBi) 3a0€31MeUy0Th i ABUIICHHS MIIIHOCTI
Ta )KOPCTKOCTI KOHCTPYKIIii. BogHOYac ehekTUBHICTH nepeiaui HarpyKeHb BiJl MATPUL 10 BOJIOKOH
3aJIXKHTh BiJl B3aEMOJIIT MDXK IIMMH KOMITIOHEHTaMu [12].

Amnani3 niTepaTypHHUX JDKEpes 3acBiUye, IO Pi3HI THIIM BOJOKOH 3[IHCHIOIOTH crieludidHuit
BILTMB Ha ()i3UKO-MEXaH14YHI Ta eKCILTyaTalliitHl BIaCTUBOCTI OETOHY. Y OUIBIIOCTI TOCIIKEHb CTaJIeBl
BOJIOKHA ACOLIIOIOTHCS 3 TiIBUILEHHSIM KOPCTKOCTI Ta OMOPY PO3TATY P 3rUHI, MOTIMEpHIi (30KpemMa
TMOJIMPOIIJICHOB]) — 31 3MEHIIEHHSAM YTBOPEHHS YCaJKOBHX TPILIUH, 0a3aibTOBI — 3 MOKpAIEHHSIM
MOPO3OCTIMKOCTI 1 afre3ii, TOAl SIK CKIOBOJOKHO — 31 3HIDKEHHSIM TPOHUKHOCTI Ta MiJBUILECHHIM
CTIMKOCTI JI0 BIUIMBY arpecUBHHUX cepenoBuill. Kpim Toro, y Hu3ll poOIT BiA3HAYAETHCS 3MEHIICHHS
MOPUCTOCTI, YIIUIBHEHHS MIKPOCTPYKTYPH LIEMEHTHOTO KaMEHIO Ta ITiIBUIIEHHS HOT0 OJTHOP1AHOCTI.

OTxe, nmucnepcHe apMyBaHHS — Ii¢ €(pEeKTHBHHH METOHA MiABHINEHHS EKCILTyaTamiiHuX
XapaKTepUCTHK OETOHY, IKUI TO3BOJISIE alaTyBaTH MaTepiall 10 KOHKPETHUX YMOB poOOTH UIIXOM
palioHaIBHOTO MiI00PY THITY 1 KiJTBKOCTI apMyBaJbHUX BOJIOKOH 32 00’ €MOM (u).

OxkpeMHUM HampsMOM 3aCTOCYBaHHS JUCIEPCHO-apMOBAHHUX OETOHIB € BHUKOPUCTaHHA
B1OpOIpECOBaHUX CyMIIlIEH, sIKI BUKOPUCTOBYIOThCS JJIi BUTOTOBJIEHHSI €JIEMEHTIB JIOPOXKHBOI Ta
imkeHepHoi iH(ppacTpyktypu. Ha BogonementHe BinHomenHs (B/L) BiGpompecoBaHOro
($i10poOeToHy BIUITMBAIOTH BUTpATa IEMEHTY, KIIBKICTh 1 JIOBXKMHA CTajeBoi (HiOpH, a TaKOXK BMICT
MOBITPOBTATYBaNBbHOI J00aBku. Crin 3a3HauWTH, MO JA0AaBaHHA (HIOpU YCKIAJHIOE TIPOIIEC
(hopMyBaHHS CyMiIlIl, 3HWKYE 11 YIIUTEHIOBAHICTb, a 1€ 3yMOBJIIOE MOTpeOy y 30imbinenH1 B/1. Bomnouac
BBEJICHHS MOBITPOBTATYBAJIBHUX IUIacTU(iKaTopiB 3HWKye B/L] BigHOMIEHHS 1 MOKpalye peosoriuHi
BJIACTUBOCTI cymili. [1iIBUILIEHHS BMICTY LIEMEHTY Ta MOBITPOBTATYBAIBHOI T0OABKH KOMIIEHCY€ BILJIMB
(bi16poBoro apMyBaHHs, 3a0e3neuyroun 30epexeHHs GopMyBaIbHIX BIacTUBOCTEH. [logaBaHHs cTaieBoi
(h16pu y BiOpompecoBaHy OETOHHY CYMIII CIIPHSIE TT1ABUIIIEHHIO MIITHOCTI HA CTHCK Y cepeTHhoMy Ha 10—
17 % (mo 80-100 MI1a), a Tako MIIHOCTI Ha PO3TST IMpH 3rHHI HA 25—46 % (10 9-12 MITa) [2]. Takum
YUHOM, OTPUMAaHHS ONTHUMAIBHUX (DI3MKO-MEXaHIUHUX XapaKTePUCTHK BiOporpecoBaHoro (hidopodbeTony
MOXIIMBE 32 YMOBH PAIliOHAIFHOTO MiNOOpYy CKIaxy, L0 IMepeadadae BpaxyBaHHS TI'€OMETPHYHHX
napaMeTpiB crtaseBoi (iOpu, SKI BU3HAYAIOTH YIIUIBHIOBAHICTH OeToHHOI cywmimr. OnTumanibHi
MOKA3HUKU JIOCATAIOTHCS MPH BUKOPUCTAHHI KOPOTKHUX BOJIOKOH, ITiIBUIIEHOMY BMICTI IIEMEHTHOTO
TICTa Ta 3aCTOCYBaHHI IIACTU(DIKYIOUMX 1 MOBITPOBTITYBAJILHUX J00ABOK, IO JTO3BOJISIE 3a0€3MECUUTH
JOCTAaTHIO YUIUTFHIOBAHICTh CyMillll 06e3 HaJMIPHOTO 30UTBIIEHHS BOJOLEMEHTHOTO BiIHOIICHHS Ta
copMyBaTH OTHOPIIHY 1 MIITHY CTPYKTYpPY KOMITIO3HUTY.
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Otpumani HaykoBIsMHM HalioHanbHOrO  yHIBEpPCHUTETY BOJHOIO TOCIOAApPCTBA  Ta
npuponokopuctyBanas (HYBITI) pesynbraTé 103BONISIIOTH PEKOMEHAYBATH BiOPONPECOBAHUI
ctanediOpoOEeToH 13 HAPKOPCTKUX CyMIIIEH i BUTOTOBIICHHS JOPOXKHIX €JIEMEHTIB, SKi MalOTh
BHCOKY MIIHICTh Ta yaapoctiikicTs [2]. Bigmosigno no JICTY-H b B.2.6-218:2016 «HacraHoBa 3
NPOEKTYBAaHHS Ta BHUIOTOBJICHHS KOHCTPYKLIM 3 nucrepcHoapMoBaHoro Oertony» [13], mpu
po3paxyHKy cTayediOpoOETOHHUX €JIEMEHTIB CHij 3/1ACHIOBATH BCTAaHOBJICHHS OTOPY HA CTHUCK
AHAJIOT1YHO, 5K 1 1711 OETOHHOT MaTPUIl, 3 AKOi BUTOTOBIEHO (PibpobeToH. J[ns 1piOHO3EpHUCTOTO
OETOHY IIeé MOXXE€ NPU3BECTH A0 3HM)KEHHS HECY4yoi 3/1aTHOCTI, OCKUIbKH (paKTUYHA MILHICTh
cTanediOpoOeTOHyY NIepEBUIIY€E MIITHICTD Horo 6eToHHOT MaTpuii [11, 14].

3rigHo 3 pe3yibTaTaMu €KCIIEPUMEHTAIBLHUX JTOCITIKEeHD [3], 301IbIIeHHsT 00’ €MHOI YacTKU
craneBoi (GiOpu mijBuILye MiIHICTE (HiOpOOETOHY Ha OCHOBHH pO3TAT, HOro MOYATKOBMHA MOYJIb
MIPYKHOCTI, 3MeHIIye BigHOCHI Aeopmarliii. HaykoBusMu JIbBIBCHKOIO HAI[lOHAJILHOTO arpapHOro
yniBepcutery (JIHAY) mocnimxyBanocs ¢iopoBe apmyBanus Ha piBHi w = 0,7 % , u = 1,25 % i
4 = 1,8 %, 110 OXOIUTIOIOTH JOUITBHHMN Tialla30H IS MPaKTHYHOTO 3acTocyBaHHs. [Ipu BmicTi ¢idbpu
menime x4 = 0,7 % edexkr apMyBaHHS BUSBISETHCS MAJIOBHUPAXKEHUM, TOJI SIK IEPEBUIICHHS
1 = 1,8 % ycknagaroe popmyBaHHS (iOpOOSTOHHOT CyMiITi, TOTipIIye i 00pOOIIFOBaHICTH 1 3MEHIITY €
€KOHOMIUHY JIOLJIBHICTh — Yepe3 3pOCTaHHS BapTOCTI MaTepiasliB. Y3arajJbHEHHS pPe3yJbTaTiB
JOCTIIPKEHb CBIAUUTD, 110 ONTUMAIbHUN /11ara30H 00’€MHOTO BMICTY cTaneBoi ¢pidpu GpopmyeTbes
K KOMIIPOMIC MIX HiJIBUIICHHSAM MEXaHIYHUX XapaKTepUCTUK (PiOpoOeToHy Ta 3abe3neueHHsIM
HaJIEKHUX TEXHOJOTIYHUX 1 EKOHOMIYHUX MOKA3HUKIB 1Or0 BUTOTOBJICHHS.

BinnoBinHO 10 pe3ysbTaTiB MPOBEICHOTO JAOCHTIKCHHs [1] BcTaHOBIEHO, 10 €()EeKTUBHICTD
($16poBOro apMyBaHHS 3aJIEKUTh Bl IUIOHI NPUKIAJAHHA 30CEPEKEHOr0 HaBaHTAKEHHS 10
KOHCTPYKILIH. 32 yMOB MaJioi KOHTAKTHOI IUIOILI BIUIUB CTAJIEBUX BOJIOKOH € MaJIOBUPAKEHUM, a IIPU
301IbIICHHI TUIOII HABAHTAXEHHS — apMyBaJIbHUN e€(eKT IPOABISETHCS YiTKIIIE Ta CTaOUIbHIIIE. 3a
MaJiol IJIOLI KOHTAaKTy (POPMYEThCS JIOKAIi30BaHUN HaNpy>KEHWH CTaH, YHACNiJOK 4Oro 3Ha4yHa
9JacTHHA BOJIOKOH HE 3aITyYa€ThCs 10 poOOTH 3 TIEPEpO3NOIUTy HANPYKEHb. [3 3pOCTaHHSM TUTOIII
NPUKIAJaHHS HAaBaHTAXKEHHS €QEeKTHBHICTh 3aly4eHHS BOJOKOH Yy TIPOIEC CTPUMYBAHHS
TPIIIMHOYTBOPEHHS MM1IBUIILYETHCS.

Takum 4MHOM, CTajeBe IUCIEPCHE apMyBaHHS — 1€ CMOCIO MiJBUIIEHHS JIOKATHGHOI MIIHOCTI
0eToHy, 0COOJIHMBO 32 ONTUMAILHOTO 00’ €MHOTO BMICTY BOJIOKOH. HeoOX11HO BpaxoByBaTH, 1110 XaOTHYHA
OpI€HTALIISI BOJIOKOH Y IIEMEHTHIM MaTpUII MOXKE 3HIKYBATH e(heKTUBHICTh apMyBaHHS — puc. 1.

R N
*ggﬁﬁ‘? RN

Puc. 1. CraseBi BoJIOKHA 3 TaYKOIOIIOHMMH KiHIIME (aHKepHa ¢idpa) [1]

3aranabpbHOBIIOMO, 1110 CTaJEBl BOJIOKHA €(pEKTUBHIIIE MiIBUIYIOTh MIIIHICTh OETOHY Ha PO3TAT
MIPY 3THHI MOPIBHSHO 3 MIIHICTIO HA CTUCK, OCBOBUH pO3TAr abo ckomroBaHHs. Cranedidpobderon
(COb) Takox Mae miBUIIEHY CTIHKICTh A0 All BUOYXOBUX HABAHTAKEHb.

HayxoBismu JIynibkoro HalioHaAIBHOTO TexHIYHOTO yHiBepcutety (JIHTY) Oyrno npoenaeHo
CEepil0 JOCTIIKEHb PI3HOMAHITHUX TOHKOCTIHHUX KOHCTPYKIIH Uil AOPOXHBOTO OYIiBHUIITBA
(Oe3HamipHi TpPyOH, JIOTKH JUISi TIPUTPACOBOTO BOJIOBINBEACHHS, OOOJIOHKOBI eleMeHTH Yy (opmi
rinepbostigroro napabonoina) [15, 16], ski Burotosmsuucs 3i cranediopodbeTony — puc. 2.
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Puc. 2. Nocnimxenns COb-konctpykuiit B JIHTY:
a — Oe3HamipHi TpyOu; 6 — JIOTKH JIJIS BOJIOBIABE/ICHHS;, B — O0OJIOHKHU-TIMIapH

[ix gac mociimkeHns COB-KOHCTPYKIN, MO TPEICTAaBICHI Ha pUC. 2, BCTAHOBJICHO BILTUB
BIJICOTKA apMyBaHHS Ha MIITHICTh OCTOHY Ta cTalediOpoOETOHY Ha IEHTPAIBHHUNA CTHCK T4 OCHOBHIMA
po3tsr. OTpuMaHi B pe3yJIbTaTi eKCIICPUMEHTY JIaHi MPEICTaBIeHO B Ta0I. 1.

Tab6n. 1 — BeranoBneHi MexaHiuHi xapaktepucTuku 6eronHoi Ta COB-marpui [17]

Ne Minnicts Ha ctuck, MIla MIHI;L(;TTI;EaI\ZCHB;BHH
3pasKiB Beron COBb, COB, Beron COBb, COB,
u=251 u=15 u=25 u=15
1 32,5 36,0 30,9 2,01 2,80 2,76
2 29,5 34,3 32,5 1,86 2,94 2,38
3 32,5 37,8 33,7 2,20 2,75 2,45
Cepenne | 31,5 36,0 32,4 2,02 2,83 2,53

JlomaBaHHSI CTaJeBUX BOJIOKOH TIOKpalllye MEXaHiuHI XapakTepucTHkH (ibpodeTony,
30KpeMa CyTTEBO IMIJBHUINYE HOTO MIIHICTh HAa PO3TAT MpPH 3TUHI — 3TIJHO 3 OTPUMAHUMHU
pesynpratamu  jpociipkeHHs [4]. CxematuyHe 300pakeHHS BIUTMBY CTaJICBHX BOJIOKOH Ha
BIIACTHBOCTI OETOHY HaBEJIEHO Ha pHC. 3.

MiABULLEHHS! FHYYKOCTI - l Mosoaaciiin
= 0

- ¢ Crinkictb
[10 CTUPaHHSA

HaBaHTaXeHb

a®
= TpilWMHOCTINKICTb
e—p e r—
-
MokpaweHHa
poGoTtn
npw po3TArY - BorHecTinkictb

t

SEoew M— ﬂ 36epexeHHs

NNacTUYHOCTI

MigBULLEHHS [OBroOBIYHOCTI
'

Puc. 3. OcHOBHI YMHHUKH, III0 BU3HAYAIOTh €)EKTUBHICTH J0/IaBaHHS
craieBoi (Gidpu 1o ckinany O6eToHHOT cyMiti [4]

CTtaHOM Ha CHOTOJIHI — aKTYaJbHUM 1 MEPCTICKTUBHUM HAMPSMKOM TiABUIICHHS €()eKTUBHOCTI
ctanediOpoOETOHHNX KOHCTPYKIIIH € 3/IIHCHEHHS] KOHTPOJTIO 332 OPIEHTAIIIEI0 CTAJIEBUX BOJIOKOH, IO
3a0e3neuye CTpUMYBaHHS PO3BUTKY TPIIIKH 1 3MEHIIY€ IUPUHY iX PO3KPUTTSL.
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3rigfHo 3 pe3ysibTaTaMHd KOMILIEKCHOTO JOCHIKCHHS KHTAWChKUX HaykoBIiB [18] —
opieHTanito (GiOpoBUX BOJOKOH B OETOHHIH CyMillli MOXXJIMBO 3MIiHIOBATH 3a JIOTIOMOTOIO
€JIGKTPOMArHiTHOTO MOJIsA, JOCATaouu KyTa moBopoty a0 90°. IIpoBeneHi HUMU €KCIIEPUMEHTH 3
PO3KOJIIOBAIBHOTO BHIIPOOYBAHHS 3pa3KiB MiATBEPAWIN €(PEeKTUBHICTh Takoro miaxony. HaiiBumry
MIIIHICTh OyJ0 3a()iKCOBaHO y 3pa3Kkax i3 Opi€HTalli€l0 BOJIOKOH Yy cekTopi 0°—15°, mo HaiibinbIie
BiJITIOBiJJa€ HATIPSIMKY TPHKJIAJICHOTO HABAaHTAKECHHS.

Y nmocmimxenni [19] Takok mpoaHaNi30BaHO BIUTUB oOpieHTalii craneBoi ¢idpu, 1m0
3a0e3neuyBajiacs JII€0 MarHiTHOTO TOJis, HA MIIHICHI XapaKTEepUCTUKH cTanediOpoOeTony.
IToka3zaHo, 1m0 e(heKTUBHICTh OPIEHTYBaHHS BOJOKOH ICTOTHO 3aJISKUTh BiJl PYXOMOCTI O€TOHHOI
cymimi. 3a HU3bKOi pyxomocTi ocan konyca (OK) piBHHI 7 cM BIUTUB MarHiTHOT'O IOJISl HA MILIHICTh
O€TOHY Ha PO3TAT IPH 3TMHI € He3HAYHUM. BoiHouac nigBuieHHs pyxoMocTi cymiti 10 OK =21 cm
3abe3mnevye CyTTeBE MOKpamieHHs eekTy opieHTarli Gpidpu, 10 NPUBOAUTH A0 3POCTAHHS MIITHOCTI
Ha po3Tsr npu 3ruHi y 1,6 pa3u y Biui 7 116 ta y 1,5 pa3u y Biui 28 110 NOpiBHIHO 3 KOHTPOJIBHUMU
3pa3KaMH, YIIUIbHEHUMU 0€3 il MarHiTHOTO TOJIs.

OtpuMaHi pe3ysbTaTd CBiIYATh, 1O MiABUIIEHHSA e()EeKTUBHOCTI Opi€HTYBaHHs (PiOpU MOXKIIMBE
JIMILIE 3a JIOCTaTHBbOI PYyXOMOCTI OETOHHOI CyMilli, sika 3a0e3ledye MOXKIMBICTh NEpepO3NOAUTy Ta
MIOBOPOTY BOJIOKOH Y HANpsMKY NPHKIAJCHOT0 MarHiTHOTO MOJisA. 32 KOPCTKUX a0 MajopyXOMHUX
CyMIIIEH MMOTEHI[ia] TAKOTO MIAXOLY CYTTEBO OOMEXKYEThCS, 110 BKa3ye Ha HEOOXITHICTh Y3rO/IXKEHHS
TEXHOJIOTIYHHX MapaMeTPiB CyMilll 3 METOJaMU IPUMYCOBOI Opi€HTALIIT BOJIOKOH.

Pesynbratn excriepuMeHTa bHUX jgociimkeHs [10], mo Oyiam mpoBemeHi Ha mNpu3Max i3
3BuyaiiHoro 6etony ta COb, miaTBEpKYIOTh, 110 JOAABAHHS CTAJICBUX BOJIOKOH CYTTEBO IiJBHIIYE
Hecy4dy 3JaTHICTb 3pa3KiB BiJ| Jii 30Cepe/PKEHUX HAaBaHTAXEHb, 3MIHIOIOUM XapakTep pyWHYBaHHS 3
KpUXKOTO Ha TuiacTuyHuil. Ha BiaMiHY Bifg 3BHYaiiHOrO OETOHY, A€ KPUTHYHI MOIIKOKEHHS
3’SBJIAIOTBCSL NPU HE3HauHOMy ekcueHTpucureri, To B CDdb-3pa3kax BiOyBaeTbcs JIOKAIi30BaHE
TPIIIMHOYTBOPEHHSI B MeXaxX HaBaHTaXeHOi 30HU. ITicis mepeBHIEHHS MEXi MIHOCTI 3BHYAMHUIMA
OCTOH pyWHYBaBCS 3 XapakTepHUM e(eKTOM, TOMIOHMM 10 BUOYXY, YTBOPIOIOYH KJIWHOIIOMIOHI
€JIEMEHTU BEJIMKUX PO3MIpPIB — OCOOJMBO 32 YMOB Majoi IUIOLI HaBaHTaXeHHS a00 3HAYHOro
ekcrenTpucurery. HaTtomicTe cranediOpoOeToH XapakTepu3yBaBcs HOCTYHNOBUM pYWHYBaHHSIM 13
MHO>KHUHHUM PO3TajTy’>KEHHSIM TPIILUH, 1110 € IHAUKATOPOM MOCTYTIOBOTO JOCSTHEHHS TPAaHUYHOTO CTaHY.

[lpu neHTpanbHOMY HaBaHTa)XCHHI 3MEHIICHHS IUIONII KOHTAKTy TNPHU3BOJIUTH JIO BTpPATH
LUTICHOCTI OETOHHUX 3pa3KiB, TOAl K CTanediOpoOETOH Mae BMILY TPIIMHOCTIHKICTh. THIOBI
MIPUKIIAAA PYWHYBaHHS 3pa3KiB 32 YMOB IIEHTPAJIbHOTO HABAaHTAXCHHS Ta 3 CKCIICHTPHCHUTETOM —
MIPEJCTaBICHO Ha pHC. 4.

Puc. 4. llpuxnaau pyiinyBanus 6etonnux i COBb-npusm
3a YMOB [Iil IEHTPAIILHOTO HABaHTA)XXEHHS Ta 3 eKcueHTpucureToM [10]

3riHO 3 pe3yJbTaTaMU €KCIIEPUMEHTAIBHIX JOCITIKEHb OJEChKUX HAYKOBIIIB, HABEJICHUX Y
po6oTti [20], BcTaHOBIIEHO, 1110 XapakTep pyiiHyBaHHA (iOpOOETOHHUX 3pa3KiB ICTOTHO 3aJI€KUTh Bij
00’eMHOT0 BMiCTy BOJIOKOH. 3a piBHA (piOpoapmyBanns u = 0,5 % pyiiHyBaHHS BiI0OYBa€THCSI KPUXKO,
TOJ SIK MpH BMicTi BoJIokoH 4 = 1,0 % 1 u = 1,5 % cnocrepiraerses nepexia 10 OUIbII INIACTHYHOTO
MEXaHi3My pyWHYBaHHS. ABTOpaMH IMOKa3aHO, IO ONITUMAaJIbHI BIACTUBOCTI PiOPOOETOHHOT CyMmirTi
JIOCATAI0ThCS MPU 3aCTOCYBaHHI OETOHHOI MaTpHIli 3 KPYIHUM 3anoBHIOBadeM (paxiii < 10 MM mpu
BMicTi ¢iopu ¢ = 1,0 %. 3a Takux yMOB MilIHICTh OE€TOHY Ha CTHCK 3pocTae y 1,35 pas3u, a MiIHICTh
Ha PO3TAT IpU 3TUHI — y 3,4 pa3u MOPIBHSIHO 3 HEapMOBaHUMHM 3pa3kamu. KpiM Toro, BBeAECHHs

ISSN 2786-6696 Modern construction and architecture, 2026, no. 15, page 51-67




BUILDING MATERIALS AND TECHNIQUES

(16poBOro apMyBaHHs CIIpHsI€ 3MEHILEHHIO edopMartiii moB3ydocTi Ha 21-30 % 3anexxHo BiJ piBHA
MIPUKJIAICHUX HANPYKEHb.

VY nmocmimkenHi [21] HaBeneHO pe3yNbTaTH CEKCIEPUMEHTAIBHHUX JOCIIKEHb HECydoi
3ATHOCTI 3pa3KiB 13 cranediOpoOeToHy, apMOBaHUX CTajeBOIO (iOpPOI0 Pi3HUX TUMIB (aHKEPHOT,
IUTIOIIEHOI Ta XBUJIACTOT) 32 00’ €MHOTO BMICTY BOJIOKOH i = 1,0 %. 3a pe3ynbTaTaMu BCTAHOBIIEHO,
110 HEeCyda 3JaTHICTh CYTTEBO HE 3aJICKUTh BiJl THUITy 3aCTOCOBaHOI (iOpw, oIHAK ii BBEICHHS
IPUHIUIIOBO 3MIHIOE XapakTep pyHHyBaHHA Martepially, sKe BiJOyBa€eTbcs IOCTYIOBO 13
(dhopMyBaHHSIM HACKPI3HUX TPINIMH, O€3 PANTOBOrO po3maay 3pa3KiB Ha OKpeMi (pparMeHTH, 1Mo
CBIJUUTH MPO MiABUIIECHHS TPIIIMHOCTIMKOCTI Ta EHEPTOEMHOCTI PyHHYBaHHS.

Y poboti [22] nochijkeHO BIUTHB KoedilieHTa (GiOpoBOro apMyBaHHS 3a 00 €MOM TIpU
BUKOpPHUCTaHHI cTajeBoi GpiOpu i3 3aruytumu kinuamu tuny HE1050 Ha minHicTs 1 1eopMaTHBHICT
ctaepiOpoOETOHy 3a YMOB KOPOTKOTPHUBAIOIO CTHUCKY. BCTaHOBJIEHO, IO 31 30UIBIICHHSAM
00’eMHOro BMICTy (iOpu 3pOCTaIOTh MIIHICHI XapaKTepUCTHKH MaTepiaiy, MOYaTKOBHH MOJYJb
MIPY’KHOCTI Ta BIIHOCHI JedopMaltii, o BiIMOBIAAFOTH IMIKOBIH TOYII JiarpamMu AeGopMyBaHHS, TIPH
OJTHOYACHOMY 3MEHILEHHI BITHOCHHUX AedopMaliil 3a ¢ikcoBaHOro piBHS HampyxeHb. OTpuUMaHi
Pe3yJIBTATH MiATBEPIKYIOTh €PEKTUBHICTH TUCIIEPCHOTO apMyBaHHS IS ITiIBUIICHHS )KOPCTKOCTI
Ta gaedopmarniitHoi cTiiikocTi cranediOpoObeToHy. ABTOpPM TaKOX MIATBEPAMIA JOLUIBHICTH
3aCTOCYBAHHS MOIM(IKOBAHOI MOTIHOMIATBHOI 3aJIGKHOCTI JUISl aHATITUYHOTO OIHCY JiarpaMu
nedopmyBaHHS cTanediOpoOETOHY 32 KOPOTKOTPUBAIOTO CTHUCKY.

AHaii3 pe3yabTaTiB  EKCIEPUMEHTAIBHUX JIOCTIDKEHb, 3IIHCHEHUX HayKoBIsaMHU [23],
CBIAYUTb, 1110 3pOCTaHHSA 00’ €MHOI0 BMICTY CTaJI€BUX BOJIOKOH y O€TOHI MiJIBUIIY€E HOrO CTIHKICTh
JI0 BIUIMBY BHOYXOBOI'O HaBaHTa)keHHs. HaiiBuima e(eKTHBHICTH cIOCTepiramacs y 3paskax i3
BigcoTkoM apmyBanHs 4 =10 % Tta 4 =15 %. Haromicts cymimi 3 u =0,5 % BOJOKOH Ta
3BUYAWHUHN 3a11300€TOH € MaToe()eKTUBHUMH B OTIOP1 BUOYXOBIM XBHITI.

[IpencraBneHo Ha puc. 5 30BHINIHIA BUTIAA ekcnepuMeHTanbHUX COb-tuit 3 pizHUM
B1JICOTKOM iX apmyBaHHS (Bia 0 % no x4 = 1,5 %) micas BunpoOyBaHb Ha BUOYXOBI1 BILTUBHU.

OO emuuii Bmict Gidpn Vf =0.0% V/ =05% Vf =1.0% Vf =1.5%
(a) TunbHa

MOBEPXHSA

GeTOHHOT

naHeni
(6) biuna 1 % “\' }

MOBEPXHS
GeToHHOT
naHesi

Puc. 5. Brutus Bigcotka hibpoBoro apMyBaHHs Ha Xapaktep momkompkerHb COb-mmmt [23]

PeamizoBano y mocmimkenti [10] kopuctyBaipKy Mozens y mporpaMHomy cepemosuit MSC
Marc (koMepriiiHuil mporpaMHMii MaKeT JJIs CKIHYEHHO-EJIEMEHTHOTO aHaJi3y) i3 BUKOPUCTAHHIM
OaraTopiBHEBOi  MOJCNIOBAJIBHOI  KOHIEMINi — I  YHMCEIbHOTO  aHajidy IOBEHIHKH
cranediopodberony. HeoOXigHi i MOJENIOBaHHA MMapaMeTpu Ta XapaKTEPUCTUKU — MOJYJIb
npy>kHOCTI, KoedimieHT [lyaccona, rpaHuIli MIITHOCTI Ha CTUCK 1 OCBOBHM PO3TAT, — BU3HAYAIUCS Ha
OCHOBI EKCIIEPUMEHTAIBHUX JaHUX ab0 OOYHCIIOBANMCS TpH J0mMoMo3i cyOmoneneir. Puc. 6
UTIOCTPY€E BUCOKY BIJIMTOBITHICTh MIXK YHCIIOBUMH PE3YJIbTaTAMH Ta €KCTICPUMEHTATBHUMH JTAHUMHU
MiJ] 9ac MEHTPAThbHOIO HAaBaHTaXeHHs Ha Twiomn 50x50 mMMm. Mojens 4iTKO BiATBOPIOE TUTACTUYHY
noBeniHky COb — mporiec MHOKHHHOTO TPIIIMHOYTBOpeHHS. Ha BimMiHy Bim BHOYXOMmOaiOHOTO
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po3iuieruieHHst 3pa3kiB 6e3 apmyBanHs, C®b-3pa3ku HOCTYNOBO pYyHHYIOTBCS 3 JIOKaji3alli€ro
MOIITKOKEHB, IO MiATBEPKYE JOCTOBIPHICTH YHUCIOBOI MOJIEITI.

350 T
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= gl 5 f e, |
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Puc. 6. [TopiBHSHHS eKCIIEPUMEHTAIBHIX 1 YUCENTFHUX PE3yNbTaTiB sl cTanedioOpoOeTOHHUX Ta
3BMYAMHUX OETOHHMX 3Pa3KiB MPH LEHTPAIbHOMY HaBaHTaXEHHI:
a — 3aJIeKHICTh HAIPY KEHHS B1Jl EpEeMILLIeHHs A5 cTanedi0poOeToHy Ta 3BUYaiiHOr0 OETOHY;
0 — XapakTep TpIIMHOYTBOPEHHS Y 3pa3Ky cranediopoderony [10]

Otpumani pe3yibTaTH BKa3ylOTh Ha TEPCIEKTUBHICTh YHCIOBOTO MOJEITIOBAHHS SIK
IHCTPYMEHTY THOIEpeJHbOI OLIHKA pPoOoTH cTanediOpoOETOHHMX KOHCTPYKLIH 3a yMOB
JI0KaJ1130BaHOTO HaBAaHTAKECHHS.

Kpim craneBux ¢iop (puc. 1 abo ix aHanoriB) 1uis apMyBaHHs Oy IiBEIIbHIX KOHCTPYKIIiH TaKOX
3aCTOCOBYIOTHCS BOJIOKHA 3 IHIIMX MaTepiaiB.

[TonmimepHi BONOKHA, 30KpeMa MOJIMPOMUICHOBI, IUPOKO 3aCTOCOBYIOTHCS JJIS MiJBHILCHHS
TPILIMHOCTIMKOCTI, YJapHOi B’SI3KOCTI Ta JIOBFOBIYHOCTI OETOHHMX KOHCTPYKIiH. 3aBISKU BHUCOKIM
XIMIYHIH CTIHKOCTI BOHM CTIHKi /IO KOpO3ii, CIIPUSIOTh 3MEHILIEHHIO YTBOPEHHS YCaIOUYHUX TPILIUH Ha
paHHIX CTaaisSX TBEPIIHHS Ta TMIABUILYIOTh 3HOCOCTIMKICTH O€TOHy. AHaIi3 KOMIUIEKCHHX
J1ab0paTOPHUX JIOCII/KEHb, 3MIHCHEHUX HAYKOBIISIMH [ 7], 3aCBiTUMB €()EKTUBHICTh MOTIMPOMIJICHOBUX
BosiokoH (IITI®D) y ckmami OeToHy I BUTOTOBICHHS 3ali3HUYHUX IMMaj. BcTaHOBIEHO, M0 MpH
ontuManibHOMy Jno3yBaHHI 0,7 kr/m® [II1® 3HWKYIOTh MPOHUKHICT Ta KaIlUIIPHY IOPHUCTICTH
LIEMEHTHOI MaTpulll 3aBAskH e(dekTy OJOKyBaHHS MOp, L0 MiABHILY€E JOBrOBIYHICTH MaTepiaiy.
3a¢ikcoBaHO 3MEHIIEHHS IIBUAKOCTI MPOXO/KEHHS YIJIBTPa3BYKOBHX XBHJIb, AUQY3ii XJIOPUIIB,
MIPOHUKHEHHST BOAM Ta cOpOIiiHOI 31aTHOCTI. BogHOUac criocTepira€Thesl MiBUIIICHHS MIITHOCTI Ha
OCBOBHUH PO3TAT 1 pO3TAT MPU 3TUHI PH HE3HAYHOMY 3HM)KEHHI MIITHOCTI Ha CTUCK.

VY nmocnimpkenHi [8] He BCTaHOBIIEHO BIUIMBY MOJIMPOITIICHOBHX BOJIOKOH Ha MII[HICTh OCTOHY Ha
CTHCK. AJle BCTAaHOBJICHO, 1110 1X HasIBHICTH MI/IBUILY€E YAAPHY B’SI3KICTh, MIIIHICTh HA OCBOBHI PO3TAT 1
PO3TSAT IPU 3THHI, @ TAKOXK TEPMIHM eKcrutyaraii. [Ipu 3011bIeH I TOBXUHU BOJIOKOH a00 3MEHIIIEHHI
ix miamerpa — BiZI0OYBA€ETHCS 3MEHIIECHHS IUPUHH TPILHH, [0 MiATBEPIKEHO SIK €KCIEPUMEHTAIIBHO,
TaK 1 aHAJIITUYHO — 13 YpaxyBaHHIM I'€OMETii, TUITy Ta 00’€MHOTO BMICTY BOJIOKOH.

BbazanpTOBI apMyBalibHI BOJIOKHA IMiJBUILYIOTh MIIIHICTh OETOHY Ha OCHOBHUH PO3TAT 1 PO3TAT
IIpU 3THHI, MOPO3OCTIMKICTh MaTepially, a TaKOXX 3MEHIIYIOTb BOJOIOTJIMHAHHS. 3aCTOCYBAHHS
MoudikoBaHoi 06a3anbToBOI (DiOpU [S] aKTUBI3yE YTBOPEHHS MPOIYKTIB TigpaTallii KIiHKepHHX
MiHepatiB Ha ii MOBEpXHi, IO MOKpAIIy€e 3YETIICHHST BOJIOKOH 13 IIEMEHTHOIO MaTpuIero [6]. 3rigHo
3 pe3yJibTaTaMu AOCTIIKEHb [2], 0a3aabTOBE BOJIOKHO 3a0e3Medye MII[HICTh Ha PO3TAT MPH 3THHI Ha
piBHi 10-13 MlIla, mo Ha 40-50 % HmWKYe MOpIBHSIHO 31 craneBoro (idbporo. BogHouac BOHO
MoKpatye (GpopMyBallbHI BIACTUBOCTI OETOHHOI CyMillli MiJ 4Yac BiOpompecyBaHHS, MiABUIIYE ii
OJTHOPITHICTB 1 JO3BOJISIE BUTOTOBJISITH TOHKOCTIHHI KOHCTPYKTHBHI €JIEMEHTH CKJIAJTHOT T€OMETPIi.

Byrnenesi BoJIOKHA BiA3HAYAIOTHCS HA/I3BUYATHO BUCOKUM MOJTyJIEM IPYKHOCTI, MIITHICTIO Ha
pO3TAT MpH 3rHMHI 1 CTIHKICTIO A0 Kopo3il [12]. beToHu apmoBaHi ByIJICIICBUMH BOJIOKHAMH
3a0e3MeuyroTh CTBOPEHHSI HAAMIIHUX 1 BOJHOYAC MOJETHICHUX KOHCTPYKIINA 13 MiJBUIICHOIO
MIIHICTIO Ha OCBHOBHH PO3TAT, MO0 € BAXJIUBUM IS PEKOHCTPYKIII Ta MiACHICHHA 00 €KTIB
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1HPPACTPYKTYPH, MOCTIB 1 3aXUCHHUX CIOPYH, OCOOJMBO B YMOBaX BILIMBY arpECUBHHUX CEpPEIOBUILL.
HayxoBismu y mocitipkeHHi [24] mpoaHari30BaHO MEXaHIYHI BIACTHBOCTI OCTOHY, SIKHH apMOBaHHIA
ByrieueBumu BosiokHamu (CFRC). BeraHoBI€HO MOKa3HUKY PYyXJIMBOCTI CyMillll, @ TAKOK MIIHICTh
Ha CTHUCK, HA OCHOBUH PO3TAT MPH PO3KOIIOBAHHI Ta HAa PO3TAT NPHU 3THHI 32 00’€MHOTO BMICTY
BosiokoH 0,5; 1,0; 1,51 2,0 %. 36inbu1eHHs] BMICTY BOJIOKOH 3HMXKY€E PYyXJIUBICTH cyMili. MilHICTh
Ha CTHUCK 3pOCTaja 10 onTuMmanbHoro 3HaueHHs mnpu u = 1,0 % Bosnokon (mpupict 13,65 %).
[Tonmanpie 30iNbLICHHSA BiACOTKA apMyBaHHs 0 MPUPOCTY MILHOCTI He mpu3Boawio. Ha ocHOBI
OTPUMAHUX HAyKOBLUSMH pe3yJbTaTiB Oyso c(HOpMYyJIbOBAaHO EMIIPUYHI 3aJIEKHOCTI IS
nporuo3ysanHs MilTHOCTI CFRC-6eToHIB Ha CTUCK, OCLOBHI PO3TAT Ta PO3TAT MPH 3TUHI.

CKIIOBOJIOKHO 3HUXKY€ PYXJHMBICTH OETOHHOI CyMIllll 4epe3 BEIUKY IUTOMY IOBEPXHIO
BOJIOKOH, IIIO MiJBUIIY€ BHYTPILIHIM OMip CyMIlll Ta 3MEHUIy€ YCajaKy. 3TiHO 3 pe3ysbTaTaMu
JOCITiKeHHs [25], momaBaHHsS CKIOBOJIOKHA 3MEHIITY€E BOJOIIOTIIMHAHHS Ta MPOHUKHICTh B yMOBaX
BIUIMBY arpECHUBHMX CEPEOBUILL, TOKPALILY€ MII[HICTb HA OCHOBUH PO3TAT 1 PO3TAT MPH 3THHI, a TAKOX
IT1JIBUIIY€ TOBIOBIYHICTH PiOpOOETOHY, 0COOIMBO 32 YMOB i1 XJIOPU/IIB 1 B MOPCHKOMY CEPEIOBHIII.
IIpu 1pOMy CYTTEBOrO 3pOCTaHHS MILHOCTI Ha CTUCK He 3adikcoBaHo. OnTHUMalbHE apMyBaHHS
CKJIOBOJIOKHOM CTaHOBUTh u = 2,0 %; a BUIIl 3HAYCHHS BUMArarOTh 30UIBIICHHS KUTBKOCTI
riactudikaropa. Hajummiok BOJOKOH y moenHaHHI 3 BUCOKMM B/II-BiHOIIEHHSIM HPU3BOIMUTH IO
30UIBLIEHHS. KUTBKOCTI Ta po3MipiB mop. beron, apmoBanuii ckioBosiokHoM (GFRC), mae cytreBi
NepeBary MOpiBHIHO 31 3BUYAITHUM OETOHOM: IPUPICT MIITHOCTI HAa OCBOBUI pO3TAT CTaHOBUTH 10 50 %,
3MEHILY€ETbCA Tepepi3 KOHCTPYKTHUBHUX €JIEMEHTIB, 3MEHIIEHHS 3arajibHOI IUIOU[l TPIMH —
npubinzHo Ha 50 %, 1o 3a0e3nedye Kpauid 3aXUCT BiJ IPOHUKHEHHS arpeCUBHUX pedoBUH. Kpim
TOr0, 3HMKeHa TeronpoBiaHicTh GFRC-6eToH1B nifBuIlye eHeproe()eKTUBHICTh KOHCTPYKIIIH.

Hocnigaukamu — BcTaHoBleHO, 110 edektuBHicTh GFRC-apmyBaHHS — 3aleXuTh  Bij
00pOoOJIIOBAaHOCTI CyMIIlll Ta PIBHOMIPHOTO PO3IMOALTY BOJIOKOH: YTBOPEHHS «XKaKiB», 3pOCTAHHS
MOPHUCTOCTI YH CJIa0Ke 34YETUICHHS 3 MaTPHIICIO TOTiPIITYIOTh BIACTUBOCTI OeToHy [26].

V3aranbHEeHHs pe3ybTaTiB aHATI3Yy Cy4YaCHUX HaYKOBHX JOCTIHKEHb CBIIYHTH, IO Pi3HI THUITH
JMCTIEPCHUX BOJIOKOH CTBOPIOIOTH CHEUU(IYHUNA 1 B3a€MOJIONIOBHIOIOUMI BIUIMB Ha (i3UKO-
MEXaHIuHI Ta eKCIUTyaTalliifHi Bi1acTUBOCTI OeToHy. CTasieBi BOJIOKHA 3a0€3MeuyroTh HalOUTbIIHIA
MPUPICT MIIHOCTI Ha PO3TAT MPU 3THHI, )KOPCTKOCTI Ta €HEPrOEMHOCTI pyHHYBaHHs, (popMyroun
MICEeBJOTJIACTUYHUN  XapakTep JAepopMyBaHHA 1 MIJBUIIEHY TPIIMHOCTIHKICTh MaTepiamy.
[TonimepHi, 30kpeMa MOJINPOINIJICHOBI, BOJIOKHA €(PEKTUBHI HacamIepe.l Uil KOHTPOJIO yCaTKOBUX
1 eKcIUlyaTalliHUX TPIUMH Ta MiJABUIIEHHI JOBTOBIYHOCTI OETOHHMX KOHCTPYKIIM mpu
MiHIMaJIbHOMY BIUTMBI Ha MILHICTh Ha CTUCK. ba3anbToBi BOJOKHA 3a0€3ME€UyIOTh KOMIIPOMIC MiX
MTOKPAIIEHHSIM MIITHICHUX XapaKTEPUCTHUK 1 TEXHOJIOTIUYHICTIO OETOHHOI CYMIIIIi, IO € JOIUTHHUM JIJIs
TOHKOCTIHHHUX €JIEMEHTIB CKJIaIHO1 reomMeTpii. CKIIOBOJIOKHO CYyTTEBO MiABUIILYE TPIIIMHOCTIHKICTD 1
CTIAKICTh O€TOHY /O TPOHUKHEHHS arpeCUBHUX CEPEIOBHI, OJHAK TMOTpeOye KOHTPOJIIO
PEOJIOTiUHUX BIACTUBOCTEH cyMinri. Byrienesi BojlokHa, 3aBJIKM BUCOKOMY MOAYJIIO IIPY>KHOCTI Ta
KOPO3iiiHiil CTIKOCTI, 3a0€e31euytoTh (POpMyBaHHS HAAMIIHUX 1 MOJETIIEHUX OETOHHUX KOMITO3UTIB
3a yMOBM ONTHMIi3alii 00’€MHOT0 BMICTY Ta TEXHOJIOTI] IPUTOTYBAaHHS CYMIIIIi.

Takum yrHOM, e(heKTUBHICTH TUCTIEPCHOTO apMyBaHHS O€TOHY BU3HAYAETHCS HE JIUIIE TUTIOM
BOJIOKOH, aJIe i X TeoMeTpiero, 00’ EMHUM BMICTOM, OPI€HTAIIIEIO, AKICTIO 3YETUICHHS 3 IIEMEHTHOIO
MaTpUIICI0 Ta TEXHOJOTIYHMMU YMOBaMHU (POpMyBaHHS CyMilli, 0 OOYMOBIIOE HEOOXIAHICTbH
patioHanpHOro migdopy ckiaxy hidbpodeToHy BiIMOBIIHO J0 YMOB €KCILTyaTallii KOHCTPYKIIIH.

[lepcieKTUBHUM HaIpSIMOM YyAOCKOHAJIEHHsS (hiOpOOETOHHMX KOHCTPYKIINA € 3aCTOCYBaHHS
HAaHOMOJIM(IKOBAHOTO OETOHY 3 TUCIICPCHUM apMYyBaHHSAM. 3TiHO 3 pe3yJbTaTaMU MiKPOCKOIIYHOTO
aHaJTI3y 3pa3KiB, 3MIHCHEHOTO HayKOBIIMH HartioHanpHOTO yHIBepcUTeTy «JIBBIBChKA MOMITEXHIKA)
(HY «JIII»), 3pyiiHOBaHUX MiJ JI€0 yIApHUX HaBaHTaXeHb [9], BCTaHOBJIEHA OJHOPITHA CTPYKTypa
IIEMEHTHOI MAaTpHIli, 3MIIHEHWH KOHTAKT MDK IIEMEHTHHUM KaMEHEM 1 3allOBHIOBAuYe€M, a TaKOX
Xa0THUYHA OpIEHTALliSl PIBHOMIPHO PO3IOJIICHUX BOJOKOH. JIOCSATHEHHS BiAMOBIIHUX XapaKTEPUCTUK
3a0e3Mevuy€eThCsl HAaHOMOIU(IKAIIEI0 [EMEHTHOI MaTpHUIll OpraHO-MIHEPAIbHUMHU J00aBKaMH, IO
MICTATh YJIbTPAJAUCIIEPCHI MiHEpaIbHI KOMIIOHEHTH Ta MOJiKapOOKCUIATHUHN cymnepruiacTudikarop. Y
MO€THAHHI 3 AUCTIEPCHUM apMYBaHHSIM 1I€ JIO3BOJISIE OTPUMATH IIBUAKOTY>KaBiIOUMii OETOH 3 MIIHICTIO
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Ha ctuck y Mmexkax 100-110 MIla Ta migBHUILIEHOIO TPIITMHOCTIHKICTIO B yMOBaX JIii BUCOKOIIBUAKICHOTO
yaapy. Takuii epeKT JocATaeThCs 3a PaXyHOK YITUIBHEHHS CTPYKTYPH IIEMEHTHOTO KaMEHIO, 3HIKEHHS
B/II-BigHOIIEHHS, YTBOPEHHS BTOPHHHUX MPOIYKTIB TiAparamii BHACTIJOK IMYyIIOJAHOBOI peakiiii,
3MIITHEHHSI KOHTAKTHOI 30HU M)XK MaTPHUIICIO Ta 3aTIOBHIOBAYEM.

HaykoBusiMu nipu gociimkenti [27] Oyio BUTOTOBJIEHO YOTHPU TUIH OCTOHHUX CyMilleH i3
3aCTOCYBaHHSM:

— ctaneBux BoJokoH (SFRC);

— noniectepHux BojokoH (PYFRC);

— noninpomninenoBux BojokoH (PPFRC);

— KOHTpOJIbHA cyMill — 6e3 apmyBaHHsA (R1).

[IpoBeneHO KOMIIEKCHY OLIHKY (Di13MKO-MEXaHIYHUX BJIACTMBOCTEW 3aTBEpALIOro OETOHY,
30KpeMa HOro yCajJku, MOPHUCTOCTI, HIIJIBHOCTI, MIIHOCTI Ha CTHUCK, TMOBEPXHEBOI TBEPIOCTI,
HIBUJIKOCTI MPOXOJKEHHS YJIbTPa3ByKOBHX IMITYJIbCIB, CTUPAHHS, KAIUIIPHOIO BOAONOIJIMHAHHS,
IIMOMHY KapOoHi3alLii Ta MOPO3OCTIHKOCTI.

BcranoBineHo, 1110 TUN 1 FeOMETpisi BOJIOKOH ICTOTHO BIUIMBAIOTh Ha KOHCUCTEHLII0 O€TOHHOL
cyMmilii: HaiOiIbIIe 3HKeHHS yeanku (Ha 42 %) cnoctepiranocs y PYFRC [27].

[MopucricTh 301IbIIY€ETHCS Y BCIX TUIIAX apMOBaHUX OeToHiB, HaitObIIe —y SFRC (Ha 32 %),
IIpH IbOMY 00’€MHa Bara O€TOHY 1CTOTHO HE 3MIHIOBAJIACh.

3a pesynpTaramu BunpoOyBaHb Ha cTuck B SFRC BcTanoBiieHo npupicT MinHocTi Ha 12,4 %,
PYFRC — na 3,4 %, Toni sik y PPFRC — 3HmxkenHs Ha 4,3 % TOPIBHIHO 3 KOHTPOJIBEHUM 3pa3KOM.

[ToBepxueBa minHicTh 30utbHIMIIACSH B PPFRC — Ha 8,04 %, a npu ynpTpa3ByKOBOMY METOJII —
st SFRC Ha 5,4 %. Ctupannicts 30umpmmtacs y SFRC wa 0,5 %, a B PPFRC — na 0,18 %.

Haiibinbiue kaniisipae BogonoriauHanHs 3adikcoBano y R1, naiimenmie —y PYFRC.

['mubuna kapOoHizaiii Oyia HAMHIKYOI0 Y KOHTPOJIBHOTO 3pa3ka, a HaBumiow —y SFRC (na
130,8 % Oinbiua), ¥MOBipHO, uepe3 MiABHILEHY MOPUCTICTh. HaiiBuily MOpO30CTIHKICTD
npoaemonctTpyBam SFRC 1 PYFRC 3pazku. Takum unWHOM, THIT BOJIOKOH CYTTEBO BIUIMBAE Ha
eKCIUTyaTalliifHi XapakTepUCTUKH (iOpoOETOHy: CTajeBi BOJIOKHA MOKPALYIOTh MILHICTh 1
3HOCOCTIHKICTB, MOJIIECTEPHI — MOPO3OCTIMKICTh 1 BOJOHENPOHUKHICTh, @ TOJINPOIIEHOBI — OKpeMi
napameTpH, 6€3 iCTOTHOTO BIUIMBY Ha MIlIHICTh Ha CTHCK.

3a pesysabratamMu JgocaipkeHHs [28] mogaBaHHSA CTaaeBHX 1 MOMIMPOIIJIEHOBHUX BOJIOKOH Y
OETOH IS MiJUIOTOBUX MOKPHUTTIB 3MEHIIIY€E PYXJIMBICTh CyMIIIi Ta 301IbIIIy€ BMICT MOBITPSHUX 10D,
He BIUIMBAIOYU CYTTEBO HA I'yCTHHY Matepiany. CTaneBi BOJIOKHA IM1IBUIYIOTh MIIIHICTh HAa OCHOBHM
3TUH, NPOTEe HE BIUIMBAIOTH a00 JEII0 3HIKYIOTh MILHICTh Ha CTHCK, TOJI SK MOJIMPOIMiJIEHOBI
BosiokHa (0,10 %) 3abe3medyroTh MEHIIY KPHUXKICTb, BUIIY TPIIIMHOCTIMKICTh 1 € €KOHOMIYHO
JOUUTBHIIIMMH JJ11 BAKOPUCTAHHS Y OETOHHUX MiJIorax.

OpHuM 13 KJIIOYOBUX YMHHHKIB, 10 BU3Haya€ €(EKTUBHICTb TUCIEPCHOTO apMyBaHHS, €
JIOBXKMHA BOJIOKOH, BiJI SIKOT 3aJI€KUTh MEXaHi3M iX B3a€MOJIi1 3 IEeMEHTHOIO MaTpuleto. OnTuManbHe
CIIBBIJIHOILIEHHS JTOBXXHHM Ta JlaMeTpa BOJIOKHA 3a0e3nedye piBHOMIPHUN PO3MOJLT HANpy>KEeHb,
eeKTHUBHE 3ueIuleHHs 3 OeTOHOM 1 3amobirae nepegyacHOMy pyHHyBaHHIO MaTepiamy. Hanro
KOpOTKiI a00 HaJATO JOBIl BOJIOKHA, HABMAKH, MOXYTb 3HI)KYBaTH MIIHICTh uepe3 Hee(eKTHUBHE
aHKepyBaHHs a00 yTBOPEHHs 3TyCTKIB y CTPYKTypi cymimii [17].

Pesynpraten nmocmimkenp [29, 30] moka3yroTh, IO BBEACHHS IOIMPONUICHOBUX BOJOKOH
3MEHIIY€ KiUTbKICTh MIKPOTPIIIUH y OETOHI Ta YHNOBIUJIBHIOE X PO3BHTOK. 30KpeMa, y podoti [29]
JIOBEJIEHO, III0 KOpOTIII BOJIOKHA €(eKTUBHIIIE 3armobiraloTh YTBOPEHHIO W IMOMIMPEHHIO
MIKpPOTPILIUH 3aBSKU 1X OUIBILIIH KIJIBKOCTI Ta pIBHOMIPHOMY PO3MOJUTY B OeTOHHINH mMarpuui. Lle
MIJIBUIIYE MIITHICTh HAa OChOBUM PO3TAT. [Ipm 301IbIICHH] HaBaHTaXXEHHS, KOJM MIKPOTPIIIMHHU
MEPETBOPIOIOTHCS HA MaKPOTPILIMHH, KIIOYOBY POJIb TOYMHAIOTH BiirpaBaTH JIOBILI BOJIOKHA, SIKi
3a0€3MevyI0Th IMIBUIIICHHS MIACTUYHOCTI 0€TOHY Ta 301IbIIICHHS HOT0 MIITHOCTI HA OCBOBHM PO3TST
1 ocpoBHi 3riH. OTpUMaHi Pe3ybTaTH MiATBEPIKYIOTh JOLIbHICTh KOMOIHOBAaHOTO BUKOPUCTAHHS
BOJIOKOH PI3HOI JIOBXXKWHU JIJIsl IMJABHUIIECHHS 3arajbHOl TPIIIMHOCTIMKOCTI enemeHTiB. Ha puc. 7
MIPEICTABICHO CXeMY POOOTH KOPOTKHX 1 IOBI'MX BOJIOKOH Y MPOILIEC MiABUILIEHHS TPIIIMHOCTINKOCTI
Ta MEXaH13MI «GIIMBAHHS» TPIIIHH.
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Puc. 7. BiuB: a — KOpPOTKHX BOJIOKOH Ha YTBOPEHHS MIKPOTPILIUH;
0 — IOBTUX BOJIOKOH — Ha PO3BUTOK MakpoTpiniuH [29]

VY po6oti [29] HaBeneHO pe3yNbTaTH KOMIUIEKCHUX EKCHEPUMEHTAIbHUX JOCIIIKEHb, 110
MIATBEP/KYIOTh ICTOTHUM BIUIMB JIOBXKUHHU IOJINPONUIEHOBUX BOJIOKOH Ha (DI3MKO-MEXaHI4HI
BJIACTUBOCTI OeToHy. st BUIIpOOyBaHb BUKOPHUCTOBYBAJIMCS BOJOKHA 3aBJOBXKKU 12,7 MM Ta
25,4 MM 13 pizHuM BMicToM 3a Macor — 0 %, 0,20 %, 0,25 % 1 0,30 %. BcraHoBiIeHO, IO KOPOTIIIi
BOJIOKHA 3arajoMm 3a0e3leuyBajld BUILY MIIHICTh Ha OCBHOBMH CTHCK HOpPIBHSHO 3 JOBIIUMH Ta
KOHTPOJIBHAMH 3pa3kamu 0e3 apMyBaHHS (puc. 8), TOMI SK JOBIII BOJIOKHA IPAIOBAIN €PEKTUBHIIIIE
i Yac 0CbOBOTO 3THHY, 10 MiATBEPIKEHO pe3ysibTaTaMu, HaBEJCHUMU Ha puc. 9.
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Puc. 8. Cepennst MilHICTh Ha OCBOBHUI CTUCK OETOHY
3 MOJIIPOIIICHOBUMH BOJIOKHAMH Pi3HOT TOBKUHH [29]
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Puc. 9. Cepenns MillHICTh Ha OCHOBUH 3TMH OETOHY
3 OJIMPOMIJICHOBUMHU BOJIOKHAMH Pi3HOT JOBXHUHU [29]
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Pesynbprat gocmimkenns [31] miaTBepKYIOTh, 1110 301IbIICHHS JOBXHHHU Ta 00’ €MHOT YaCTKH
0a3abTOBUX BOJIOKOH ITiIBUIIYE MIIHICTh OETOHY Ha CTHCK, OCHOBHH 3TMH 1 OCHOBUH PO3TAT, a
TaKOXX IOKpally€e HOro TPIIIMHOCTIMKICTH MpH ycaiui. BogHoyac HaaMmipHa IOBXXHHA BOJIOKOH
(monan 36 MmM) abo Benmka ix KinmbkicTh (moHan 0,40 %) 3HWKYIOTH PYyXJIHBICTH OETOHHOI CyMmili
yepes 3JIUNaHHs BOJIOKOH. ONTHMaIbHUMU NapaMeTpaMu BU3HAHO JOBXHUHY 12—18 MM 1 BmicT 0,10—
0,15 %, 3a sIKHX JOCATAETHCS HAHOUIBIN 30aJTAHCOBAHE MTOETHAHHS MIITHOCTI Ta TPIIMHOCTIHKOCTI.

VY po6oTi [32] nociKeHOo BIUIUB CKIISTHUX BOJIOKOH Ha (hi3MKO-MEXaHIYH1 BJIaCTUBOCTI OETOHY .
BcranoBneno, mo iX J0aBaHHS IMIJBUILYE MIIMHICTP HAa CTHUCK 1 PO3TAT, a TAKOX IOKPAILYE
TPIIIMHOCTIMKICTh. BONOKHA 3 MEHIIMM BIIHOIICHHSM MOBXHUHU 0 JiameTpa (KopoTiii abo
TOBCTII) 3a0€3MeuyIoTh OLIBIIMKA MPUPICT MILHOCTI, HDK JOBIII TOHKI BOJIOKHA 3a OJHAKOBOI
KUIBKOCTI y cyMill. BukopuctanHs KOMOIHOBaHMX BOJIOKOH Pi3HOI TOBXXHMHU MABHILMIO MIIHICTh
Ha ctuck Ha 21,6 %, a MiLHICTh Ha po3TAr — Ha 17,5 % nopiBHSAHO 3 HEapMoBaHUM OeToHOM. [Ipu
LBOMY PYXJIMBICTb OETOHHOI CYyMIIlli 3MEHIIIY€THCS 13 BBEJICHHSIM BOJIOKOH, OCOOJIMBO IOBIINX, OHAK
IIpY BUKOPUCTAaHHI KOMOIHOBAHUX BOJIOKOH CIIOCTEPIra€ThCs ii MOKPAIIEHHS MOPIBHSAHO 3 CyMILIaMH,
110 MICTATB JIUIIE JOBI'1 BOJIOKHA.

BucHoBku. [IpoBenenuii aHaiiz cyyaCHUX HAayKOBHX JIOCIIJIKEHb 3aCBIIUY€, 1110 JTUCIIEPCHE
apMyBaHHA € OJHUM 13 HalHeQEeKTUBHIIIMX CIOCOOIB MiJBHIIEHHS (I3UKO-MEXaHIUHUX Ta
eKCIDTyaTallifHIX XapaKTepUCTUK OeTOoHy. BBEIEHHS KOPOTKMX BOJIOKOH JIO3BOJISIE ITiIBUIUTH
TPIIIMHOCTIHKICTD 1 yIapHY B’SI3KICTh, MMOKPAIUTHA POOOTY MaTepiady Ipu po3TAry (OCbOBOMY Ta MpH
3THH1) 1, 32JIEKHO BiJ] TUITY BOJIOKOH Ta TEXHOJIOTTUHHUX [TapaMETPiB CyMillli, BIUIMBATH Ha JI0BrOBIUHICTb
KOHCTPYKIIIH B yMOBax Jii arpeCUBHUX CEPEAOBHIL UM AUHAMIYHUX HABAHTAXKEHb.

[TopiBHSIHHS Pe3yNbTaTIB PI3HUX aBTOPIB MOKa3ye, 10 HAHOUIBII YyTAMBUMU A0 JAUCIEPCHOIO
apMyBaHHS € XapaKTEPUCTUKH, ITOB’s3aH1 3 TPIILIMHOYTBOPEHHSAM 1 pyHHYBaHHAM (MILHICTh Ha PO3TST
IIPU 3TWHI, PO3BUTOK 1 IMIMPHHA TPILIUH, CHEPrOEMHICTh PYHHYBaHHS Ta XapakTep Ae(popMyBaHH:).
BonmHowac mofo MIIHOCTI HAa CTHUCK CIIOCTEPIraeThCcs BaplaTUBHICTh pe3ysbTaTiB: Y HH3LI poOiIT
(ikcyeThCsl IPUPICT, TOI SIK B IHIINX — €EKT € MATOBUPAKEHUM a00 BIICYTHIM. ¥Y3arajJbHEHHS JKepe
CBITYUTH, 1110 TaKi pO301’KHOCTI 3yMOBJIEHI HE CYTIEPEUHICTIO BUCHOBKIB, a BIIMIHHOCTSAMH y CKJIaJi Ta
TexHojorii BurorosieHHs (B/L{-BinHOIIEHHs, peoJorisi Ta YIIUIBHIOBAHICTh CYMIlI, METOA
(hopMmyBaHH:), TeOMETPil BOJIOKOH 1 1X 3YEIUICHHI 3 MATPHIICIO, a TAaKOXK PEKUMI HaBaHTAKEHHS Ta
MacmTaOHOMY €(eKTi 3pa3KiB/eIeMEeHTIB.

[NopiBHsIIBHUI aHAMI3 TMOKa3ye, IO CTalieBl BOJOKHA 3a0e3MeuyloTh HAWOUIBIIMN TMPUPICT
XapaKTEePHUCTHUK, TOB’SI3aHUX 13 HECYUYOIO 3JaTHICTIO TMPH 3THHI Ta JOKATI30BAHUX HABAHTAXKCHHSX, 1
CHIPHUAIOTh TIEPEXOAY Bl KPUXKOTrO 0 OUIBII IUIACTUYHOIO MeXaHi3My pyiHyBaHHs. I[lomimepHi
(TOMMpOITiJIEHOB1) BOJIOKHA JAEMOHCTPYIOTh CTaOUTbHMNA €(EKT I0/I0 KOHTPOJIIO YCAaTKOBUX 1
eKCIUTyaTallifHUX TPIIMH Ta MiJABUIIEHHA JOBrOBIYHOCTI NPH MiHIMaIbHOMY a00 HENOCTIHHOMY
BIUTMBI HAa MIIHICTh Ha CTHUCK. ba3aiabTOBI Ta CKJISHI BOJOKHA € €()DEKTMBHMUMHM MJIs TIiIBHILNEHHS
TPIIIMHOCTIHKOCTI, 3HWKEHHSI POHUKHOCTI Ta MiJBUIIECHHS CTIKOCTI B arpeCUBHHX CEPeIOBHUIIAX,
OJTHAK BUMAararTh 3a0€3MeUeHHs] HaJIEKHOT 00pOOIIOBAHOCTI Ta PIBHOMIPHOTO PO3MOJILTY BOJOKOH.
Byrnenesi BoJOKHa JO3BOJISIOTH ()OPMYBAaTH BUCOKOMOAYJIbHI KOMITO3UTH 3 ITiABUIIEHOO MIIIHICTIO
MIpU ONTHMI3alii 00’€MHOrO BMICTY M TEXHOJIOTI] MPUIOTYBAaHHS CyMIllll, ajle XapaKTepU3yIOThCS
M1IBUIIEHUMH BUMOT'aMH JI0 PEOJIOTii Ta pO3MOALITY apMyBaHHS.

V3arajgbHEeHHS NPOaHAII30BaHUX JOKEpeNl MIATBEPPKYeE, 110 €(EeKTUBHICT JUCIEPCHOIO
apMyBaHHSI BU3HAYA€ThCS HE JIMIIE THUIIOM BOJIOKOH, aie i iX reomerpiero, 00’€MHUM BMICTOM [,
OpIEHTAIII€0, SKICTIO 3UETUIEHHS 3 IEMEHTHOI0 MaTPUIICIO Ta TEXHOJIOTTYHUMU YMOBaMH (popMyBaHHs
cymimi. [TpakTHYHO Ba)KJIMBO, 1110 ONTUMAILHUN PiBEHb apMYBaHHS 4acTO (POPMYETHCS K KOMIIPOMiC
MDK TIIBUIICHHSAM MEXaHIYHHUX XapaKTEPUCTUK Ta 3a0€3MEeUeHHSIM TEXHOJIOTTYHOCTI i €KOHOMIYHOT
JOIIJIBHOCTI BUTOTOBIICHHSI.

3 ypaxyBaHHSM IIPOBEICHOTO aHAJI3y AaKTyaJbHUMM HalpsMaMHM HOJATbIIMX JIOCHTIIKEHb
JIMCIIEPCHO-apMOBAHUX OETOHIB €:

— yHi(ikamis MAXOAIB 0 OIiHIOBaHHS e()eKTUBHOCTI (HiOpOBOTO apMyBaHHS (TOPiIBHIHHI
METOAMKH BUTIPOOYBaHb, KPUTEPIl TPILIUHOCTIMKOCTI, EHEPrOEMHOCTI PyHHYBaHHS Ta JOBMOBIYHOCTI);

— JIOCHIJDKEHHSI BIUTMBY TexHOJorii (opmyBaHHs (ymiibHeHHs, peosoris, B/LI, no6aBku) Ha
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CTPYKTYpY, IOPUCTICTH 1 CTaOLIBbHICTD e(heKTy apMyBaHHS;

— PO3BUTOK METOJIIB KEPOBAHOI OpI€HTAIlli BOJIOKOH Ta OIIHKA iX €()EeKTUBHOCTI 3aJIe)KHO BiJ
PYXOMOCTI cyMmiIli;

— OnTHUMI3alisl TIOPUIHUX CXEM apMyBaHHs (TIO€IHAHHS PI3HUX BOJIOKOH MDK COOOKO0 Ta 3
KIIACUYHOIO apMaTyporo) Amsl 3abe3nedyeHHs MOTpiOHOro OajaHCy MILHOCTI, TPIIIMHOCTIMKOCTI i
JIOBFOBIYHOCTI;

— PO3pOOJICHHsT Ta BaiJallisi YUCIOBUX Mojeied (30kpema OaraTopiBHEBHX) 3 YpaxyBaHHSAM
MeXaH13MiB MHOYXHHHOT'O TPIILIMHOYTBOPEHHSL, 3UETIEHHS “‘MaTPHILIS-BOJIOKHO  Ta MacIITaOHOTO e(eKTy;

— JIOCHI/PKEHHS JIUCIIEPCHO-apMOBAHUX OETOHIB y CKJIQJHUX PEKMMAax HaBaHTaKeHHs (ynap,
MIOBTOPHI/IIUKJIIYHI, BUOYXOB1, TEMIEpaTypHi) Ta B YMOBaxX arpecUBHHUX CEpelIOBHIL, 13 (JOKyCOM Ha
Jierpa/iallito BIaCTUBOCTEN Y yaci;

— TMEpCIEKTUBU TOE€IHAHHA HaHOMOJMDIKalli MaTpUlll 3 IUCIEPCHUM apMyBaHHIM JUis
(bopMyBaHHS MIUIBHOT MIKPOCTPYKTYPH i MiJABUILIEHHS PAHHBOI Ta JOBrOTPUBAJIOL TPIIIUMHOCTIHKOCTI.

Takum 9YMHOM, JHCHIEPCHO-apMOBAaHHUK OCTOH € MEPCIIEKTUBHAM MaTepiajioM JUIs ITiIBUIICHHS
eKCIUTyaTalliifiHoi HaAIHHOCTI KOHCTPYKILIM, a MoJaibIlMi mporpec y wLiil ramdy3i MoB’si3aHui 13
Y3TO/DKEHHSIM CKIIay, TEXHOJIOTIi BUTOTOBJICHHS Ta PO3PAaXyHKOBHX MOJEJEH 3 pealbHIMH YMOBaMH
POOOTH KOHCTPYKIIIH.
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Abstract. Modern service conditions of concrete structures impose increasingly stringent
requirements on their physico-mechanical properties, including strength, crack resistance, impact
toughness, and wear resistance, as well as durability under aggressive environmental exposure. A
promising approach to improving the serviceability and operational reliability of concrete structures is the
use of dispersed reinforcement, which involves the uniform distribution of short fibers within the concrete
matrix. This approach reduces crack width and limits crack propagation, increases fracture energy,
improves stress redistribution, and ensures reliable performance under dynamic and impact loading.

This paper presents a review of domestic and international studies on the influence of different types
of fibers, such as steel, polymer, basalt, glass, and carbon on the main strength characteristics of concrete,
including compressive strength, axial tensile strength, flexural tensile strength, and resistance to impact
loading, as well as on durability-related properties such as water impermeability, frost resistance, and
chemical resistance. It is shown that the effectiveness of dispersed reinforcement is largely determined by
fiber geometry and mechanical properties, loading conditions, service environment, fiber orientation, and
the quality of the bond between fibers and the cement matrix. Experimental results on the application of
fiber-reinforced concrete in road infrastructure elements (drainage channels, gravity pipes, and shell
structures), railway sleepers, and structures with enhanced blast resistance are summarized.

Particular attention is given to the combined use of dispersed and conventional reinforcement
to improve load-bearing capacity and optimize the dimensions of structural elements. The prospects
for integrating dispersed reinforcement with a nanomodified cement matrix, characterized by an
improved microstructure, enhanced crack resistance, and accelerated hardening, are also discussed.

Keywords: fiber-reinforced concrete, dispersed reinforcement, physical and mechanical
properties, crack resistance, durability, dynamic loading.
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Abstract. For Ukraine, the issue of waste management and recycling remains one of the most
pressing environmental problems. Glass waste accounts for a significant proportion of the total mass
of solid household waste. At the same time, glass does not decompose in natural conditions, which
creates a long-term burden on the environment. However, it has the potential to be a promising raw
material that can be recycled without losing its basic physical and chemical properties. In this regard,
the issue of recycling secondary glass is particularly relevant, especially in the construction industry,
which is the main consumer of natural resources (about 50%) and therefore needs to introduce
technologies that use alternative raw materials.

This will contribute to reducing the environmental impact, rational use of resources and
increasing the economic efficiency of construction. The aim of the work is to determine the
effectiveness and feasibility of implementing successful global practices of using recycled glass for
the production of building materials in the current conditions of Ukraine.

The analysis of scientific works has revealed the most successful cases of glass recycling for the
production of building materials in global practice. The production of asphalt concrete mixtures with the
addition of 10 —30% glass cullet (glasphalt), thermal insulation materials based on foam glass, lightweight
concrete with micro-crushed glass as a partial substitute for sand, and finishing materials such as
decorative panels and mosaics made of coloured glass chips. In Ukraine, despite the availability of
production capacities, the level of glass reuse remains low due to the underdeveloped infrastructure for
the collection, sorting and cleaning of glass waste. However, the growing demand for building materials
in the post-war reconstruction process creates favourable conditions for scaling up such technologies.

To implement global experience in the use of recycled glass for the production of building
materials in Ukraine, the following steps must be taken:

1. Improve the regulatory framework, namely, initiate amendments and develop a series of state
building codes and harmonise them with the requirements of the European Committee for
Standardisation regarding the use of secondary raw materials in construction.

2. Introduce economic incentives by establishing tax breaks for manufacturers of building
materials based on secondary mineral raw materials and giving priority in public procurement to
materials containing such raw materials.

3. Create a regional infrastructure for the collection, sorting and processing of recycled glass.

4. Conduct social and informational events.

5. Given the needs of Ukraine's post-war reconstruction, the highest priority is to establish the
production of thermal insulation materials (foam glass) to improve the energy efficiency of buildings;
develop concrete mixtures based on recycled glass for 3D printing of building structures as an
alternative rapid technology for restoring destroyed buildings, and develop materials based on
recycled glass for road construction.

Keywords: recycled glass; cullet; recycling; construction materials; green construction.

Introduction. One of the global challenges of humanity is the intensive accumulation of
industrial and solid household waste, a significant part of which is glass. According to international
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environmental reports, up to 10% of the total mass of household waste is glass waste. However, the
level of their recycling in countries around the world, including Ukraine, remains insufficient.

It is common knowledge that glass practically does not decompose in natural conditions, which
creates an ecological threat for our planet. At the same time, It is also worth mentioning that this
material has a unique feature — the ability to be recycled without significant loss of its physical and
chemical properties with further use, including construction.

Today, one of the key vectors of the development of modern construction is waste minimization
and reuse of material resources, as this has not only economic but also environmental advantages. In the
conditions of sustainable growth of solid household waste and depletion of natural resources, recycling
of secondary glass as an alternative raw material in the production of construction materials is of
particular importance.

In addition, the modern technology of glass production from natural raw materials is quite energy-
intensive and has a high carbon footprint on the environment. The technological operation of glass
making in bath furnaces, namely heating natural raw materials in furnaces to a temperature of 1400 —
1500 °C, accounts for about 75-85% of the total energy requirements for glass production [1-2].
Accordingly, during this process, large amounts of greenhouse gas emissions occur. Therefore, the use
of cullet during the production of construction materials will contribute not only to reduce the
consumption of natural resources, but also to reduce energy costs and CO- emissions into the atmosphere.

Despite the significant potential for reuse of glass waste, there are still problems in the practical
implementation of glass recycling. They are caused both by technical factors (quality of cleaning,
fractionation, etc.) and organizational and economic factors — the lack of state incentives, low level
of waste sorting, etc. However, this area is actively developing due to the introduction of new
technologies, increased environmental awareness of society and support from European institutions
in this area. World experience demonstrates the effectiveness of using recycled glass in the production
of concrete, asphalt-concrete mixtures, heat-insulating materials, decorative elements, etc. [3—7].

For Ukraine, the issue of waste management and recycling remains one of the most acute
environmental problems. Therefore, international experience in such practices is particularly valuable
for our country, especially in the context of post-war reconstruction.

That is why the study of practical cases of recycling recycle glass in construction is an urgent
task for scientists and industry specialists. Analysis of successful examples of using glass waste in
different countries, comparison of technological solutions and identification of factors ensuring the
effectiveness of their implementation will allow to form a basis for the development of a national
system of "green" construction. This, in turn, will contribute to reduce the environmental load,
rational use of resources and increasing the economic efficiency of construction.

Analysis of recent research. The topic of reuse glass waste in construction is being actively
studied by both Ukrainian and foreign scientists. Researchers emphasize that recycled glass is an
effective alternative raw material for creating environmentally safe, energy-efficient and
economically profitable building materials.

Thus, the Ukrainian scientists in their works [8-10] note that the existing glass processing
capacities do not correspond to the volumes of its accumulation, while the recycling of construction
waste in the context of the reconstruction of Ukraine takes on its significance. The authors emphasize
the need to create modern glass processing systems by solving the main problems that hinder this,
namely: the lack of legal documents that would regulate the rules for the use of glass waste,
shortcomings in the waste collection infrastructure and insufficient involvement of industry. The
transition to effective technologies is possible only with the coordination and cooperation of
representatives of state policy, science and business in Ukraine.

The most common practices of using recycled glass are: road construction, thermal insulation
materials, production of concrete mixtures and decorative trim. The scientists considered in detail [2,
6, 11-14], the effect of introducing recycled glass in the manufacture of various road construction
materials, namely asphalt-concrete, base and subbase of road pavement, stabilizing component of
soil. First of all, the researches are aimed at selecting the optimal granulometric composition of these
materials from recycled glass.

The issue of improving the production technologies of such a thermal insulation material as
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foam glass from recycled glass is considered in [15-17], and various finishing materials in [3].

A large number of works [2, 4, 5; 18-20] are devoted to the development of the optimal
composition of concretes based on recycled glass, which can be used both as a substitute for the
binding component and as a substitute for aggregates for concrete. Of particular interest are the works
[21-22], which examine the influence of recycled glass on the rheological properties of concrete
mixtures used in the innovative technology of 3D printing of buildings.

The purpose of the work is to determine the effectiveness and feasibility of implementing
successful world practices of using recycled glass for the production of construction materials in
modern Ukrainian conditions.

Materials and research methods. The work uses a comprehensive approach, which includes
analytical, comparative and generalizing research methods. At the first stage, scientific data on the
relevance of glass recycling were collected, at the second stage, a comparative analysis of foreign and
Ukrainian experience in the issue of recycling glass was done, successful promising technologies
with the highest level of environmental and economic effect were identified. At the third stage, a
generalized model of the introduction of glass recycling technologies into the national construction
industry was formed, taking into account technical, organizational and social factors.

Research results. Recycled glass (cullet) is glass waste that is formed during the production
and consumption process and is re-involved in the production cycle. Glass recycling is one of the
most developed areas of waste processing. Analysis of scientific works has allowed us to establish
that the justification for the use of recycled glass includes several aspects, namely: economic,
environmental, technological and, to a lesser extent, design aspects (Fig. 1).

N\

Ecological Technological Designer Economical

\. J\\ VAN J\L J
Fig. 1. Key aspects of the feasibility of glass recycling

The economic aspect is to reduce production costs by partially (or completely) replacing
primary raw materials with secondary materials. The use of cullet in the production process allows
reducing energy costs, reducing time and costs associated with the extraction and transportation of
natural resources, thus reducing the cost of finished products. In addition, this process allows creating
new workplaces, thus strengthening the country’s economy.

In turn, the ecological aspect consists in reducing the amount of waste that ends up in landfills,
reducing the ecological load on the environment.

The technological aspect is manifested in the possibility of improving the properties of
construction materials by introducing cullet into their composition. With the correct adjustment of the
production technology, crushed glass can increase the strength and durability of concrete mixtures, etc.

The design potential of recycled glass opens up new possibilities for architectural and
decorative solutions. Due to the variety of colors and textures, cullet is used in the manufacture of
mosaics, facade panels, decorative tiles, interior decoration and landscaping elements.

Thus, recycled glass is a multifunctional resource that combines economic feasibility,
environmental safety, technological efficiency, and aesthetic appeal, making it an extremely
promising raw material for the construction industry.

Modern recycling technologies allow the use of cullet in many areas of the construction industry
—from the production of new glass materials (products) to the creation of other construction materials,
including decorative ones.

One of such technologies is the use of glass as a raw material. Crushed glass is used in the
production of sheet, facade, container glass, as well as fiberglass and glass wool. This allows you to
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lower the melting point, reduce energy consumption and the amount of carbon dioxide emissions into
the environment, which makes this process ecologicallyy and economically feasible.

Next, we will consider the use of recycled glass in the production of construction thermal
insulation materials. Yes, it is the main raw material for the production of foam glass, which is used
as a lightweight and fire-resistant insulation in industrial and residential construction. Glass wool is
also made from cullet, which is an effective thermal insulation material.

In addition, crushed glass is used in the production of concrete and road surface materials (asphalt
concrete, bases and subbases), in which it is usually added as a partial substitute for sand or crushed stone.

The use of cullet also opens new opportunities in ornamental decoration — colored glass chips
are added when creating various mosaics, facing slabs, landscape elements, facades, etc.

From the above, we can conclude that the use of recycled glass has a significant number of
practical cases in construction. Particular attention should be paid to their use in overseas practice.

Glasphalt (asphalt with glass added) is an asphalt-concrete mixture where part of the filler is replaced
with crushed glass. The history of the development of this technology began in the 1970s. Today, it is used
in a number of high-tech countries, in particular Japan, Canada, the USA and EU countries. In practice and
in scientific research, a number of advantages of using cullet in road construction have been proven, the
main of which are the following: reducing the percentage of primary raw material use, recycling of glass
waste, reducing cost and improving the properties of asphalt pavement. It should be noted that there is no
unified technology and formula for using cullet as alternative filler. Scientists are still working on
improving this technology [2, 6, 13-14]. Thus, studies of dynamic behavior have shown that asphalt-
concrete containing cullet has better resistance to deformation and higher stiffness modulus [11].

The company RMC Materials, under the Highway Authorities Product Approval Scheme
(HAPAS), uses approximately 30% recycled glass in its product, instead of natural aggregates. HAPAS
is a British certification scheme that certifies that materials, products and systems used in the construction
of highways meet strict requirements for quality, safety and durability. Completing that certification
allows the developed material to be used for road construction on all highways, including trunk roads. A
three-year HAPAS evaluation scheme confirmed the high effectiveness of the developed Glasphalt
compound in operation compared to traditional asphalt from natural crushed stone [12].

Laboratory tests of asphalt-concrete mixtures with the addition of 10-15% cullet (monolithic
and tempered glass) have shown that the properties of the mixture change as follows: stiffness
decreases, and resistance to permanent deformation decreases. Practice has shown that the content of
10-20% cullet improves wear resistance and roughness of the road surface [6].

A study of Algerian scientists [13] is devoted to the use of recycled glass to grain size correction
of pavement unbound granular material (base and subbase). Crushed limestone of the 0—-20 mm
fraction, which has a deficiency of fine particles, was used as the reference material. The addition of
10% of recycled glass of the 0-0.63 mm fraction significantly improves the granulometric curve of
the mixture, fitting it into the regulatory area for the road base. This, in turn, contributes to an increase
in the bearing capacity of the material. In addition, a mixture of limestone crushed stone and recycled
glass has a filtration coefficient 10 times higher than a mixture of limestone crushed stone and sand.
This indicates better drainage and a reduced risk of water accumulation. As a result, this contributes
to an increase in the drainage capacity of the road pavement and its durability, even in wet conditions.

Piyush Punetha and Sanjay Shrawan Nimbalkar [14] propose to make the base and subbase of
the road surface entirely from recycled materials. It is recommended to combine recycled crushed
glass in an amount of 10-30% with recycled concrete aggregate. The article provides a
comprehensive assessment of the physical and mechanical properties of secondary aggregates,
namely recycled concrete aggregate, crushed brick and crushed glass in the context of flexible road
surface construction. It has been proven that road surfaces constructed using aggregates from recycled
mineral raw materials have characteristics comparable to those constructed from natural quarry
materials. At the same time, they allow to solve the problem of a sharp increase in the amount of
construction and demolition waste (the construction and demolition waste or C&D waste for short),
the limitation of natural resources and the need for sustainable materials for road construction.

Abderrahim Lakhouit in his work [2] also suggests using crushed recycled glass for soil
stabilization, which improves the bearing capacity of the road surface and prevents its erosion. The
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laboratory studies have shown that soil mixed with 10-30% glass particles has increased shear
strength and reduced settlement, making it a viable alternative for sustainable road construction and
foundation materials. At the same time, the author draws attention to the need for scientific research
to develop advanced technologies for processing of recycled glass. The diversity of quality and
composition of recycled glass can create difficulties when using it as a construction material.
Impurities in glass can negatively affect the characteristics of products made from it, which confirms
the need to develop advanced technologies for sorting, cleaning and crushing recycled glass.
Optimization of these technologies will ensure that recycled glass meets the high standards applicable
in the field of construction materials and will help to increase its stability and quality, contributing to
its competitiveness with natural materials.

However, there are also certain disadvantages in the use of recycled glass, namely the cost of
production, which may be higher. This is due to the fact that to obtain a high-quality final product, such
raw materials require preliminary sorting and cleaning, a procedure for assessing the quality of raw
materials and the availability of appropriate equipment, infrastructure and logistics. In addition, if the
technology for manufacturing asphalt concrete based on recycled glass is not followed, risks may arise
during road operation: reduced adhesion of the coating, the need for frequent road repairs, etc.

The next successful case of using recycled glass is the production of foam glass (foam glass or
cellular glass) based on it — an inorganic insulation with a highly porous structure. It is obtained by
heating the glass mass to a temperature at which the glass becomes plastic and can foam when a small
amount of special gas-forming additives is added, forming closed or partially closed pores. Due to
this porous structure, this material has high heat and sound insulation properties, is moisture resistant
and durable, which ensures its service life of 100 years or more. Having a number of advantages, such
as reducing the total percentage of glass in the mass of waste, reducing the final cost of products, this
material becomes attractive in the construction industry.

Thus, in developed countries, foam glass is used as an ecological alternative to insulation, and
manufacturing technologies are constantly being improved. A number of scientific studies have provided
the advantages of using foam glass in the construction industry. In particular, Horonko et al. in their study
[15] claim that foam glass made from recycled glass and perlite has an density of 263 kg/m?, a strength
of 2.17 MPa and low thermal conductivity, which allows it to be used as a thermal insulation layer.

The most well-known manufacturers of foam glass in European countries are GLAPOR
(Germany) and Misapor (Switzerland). The first mentioned company makes its product from 100%
recycled glass [16], while the second notes that its material is successfully used as a filling for floor
bases, thus reducing the load on the soil [17].

Another common world practice is the use of recycled glass in the production of various types
of concrete. With proper technology for preparing cullet (reduction of fraction, control of reactivity),
it is possible to obtain concrete with sufficiently high strength, decorative effect and reduced average
density. The first attempts to introduce crushed glass into concrete date back to the 1960s and 1970s,
but widespread industrial use began with the advent of glass grinding technology to micropowder in
the 21st century. This made it possible to avoid the negative consequences of alkali-silicate reaction
(ASR), which previously limited its use in the manufacture of cement materials.

Modern researches show that the selection of the optimal granulometry of crushed glass can
significantly increase the strength of concrete. Gengan et al. [4] found that replacing up to 20% of natural
aggregate with cullet improves the strength of concrete. The optimal results were obtained at a ratio of
15 — 20%. The same thesis is confirmed in the work of Abderrahim Lakhouit [2], in which, due to the
addition of 20% of recycled glass instead of traditional aggregates in concrete, the compressive strength
increased by 15%, and carbon emissions decreased by approximately 30%. In addition, the author
suggests using finely ground glass powder as an additional cementing material, which will allow
reducing the proportion of cement in the composition of concrete. For this, in order to improve the
properties of glass powder, it is necessary to carry out chemical or combined activation. The use of
processed secondary glass powder in concrete allowed improving its microstructure, reducing porosity,
increasing early and final strength, and minimizing the risk of alkali-silica reaction.

In another experiment [5], expanded glass was used as a lightweight aggregate for concretes
with a reduced density (1.5-2.2 g/cm®) while obtaining strengths of 18-69 MPa. Such concretes
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demonstrate increased thermal insulation and lower weight, which are valuable operational properties
of the material for energy-efficient construction.

Lutfar Rahman Rana et al. [18] conducted research on the replacement of fine aggregate in
concrete with secondary crushed glass and coarse aggregate with recycled brick aggregate (Recycled
brick aggregate concrete or RBAC). It was found that with an increase in the proportion of RBAC,
the compressive strength of concrete decreases. This negative effect of RBAC was eliminated and its
quality improved by adding 20% secondary glass as fine aggregate.

In the study of Subhan Ahmad et al. [19], the positive effect of recycled crushed glass (RCG)
on the quality of concretes in which a proportion of natural coarse aggregate was replaced by recycled
coarse aggregate (RCA), in this case made from concrete of a destroyed building. It was found that
RCA significantly reduces the mobility of the concrete mixture due to the presence of mortar particles
in it, which increase the water absorption of such aggregate, which negatively affects the formation
of the concrete structure and its strength characteristics. RCG, which is added to concrete as a
substitute for part of the fine aggregate, has a smooth surface and almost does not absorb water,
therefore it improves the technological properties of concrete mixtures. The early strength of
concretes made with the addition of RCG and RCA at any ratios was lower than that of concretes
made from natural aggregates. However, the late strength, namely the 56-day strength of concrete
increases in all mixtures made from Recycled aggregates (aggregates from recycled materials). This
is explained by the fact that recycled crushed glass densifies the structure of the concrete and promotes
the reaction with the silica content in the glass. The best indicators were recorded when 20% RCG
was added instead of natural fine aggregate and 50% RCA was added instead of natural coarse
aggregate. This composition allowed to obtain a reinforced concrete beam that had a 5% higher shear
strength than a beam made from a control concrete mixture without Recycled aggregates.

Also of interest are the studies of Chinese scientists [20] aimed at developing ecological concrete,
which is modified with recycled glass powder (Waste glass powder or GP) as an auxiliary cement
material, recycled concrete aggregate (Recycled concrete aggregate or RCA) as a coarse aggregate
particle and recycled fine brick aggregate (Recycled fine brick aggregate or RFBA) from waste clay
bricks as a fine aggregate particle. The following ratio of materials in the concrete mixture is optimal:
15% RCA, 40% RFBA, 10% GP and a water-cement ratio — 0.48. Concrete samples from this
composition show the 28-day cube compressive strength at 39.2 MPa, the axial compressive strength at
29.8 MPa and splitting tensile strengtha at 2.72 MPa. These indicators almost meet the design
requirements for concrete of class C30/35, only the axial compressive strength instead of the minimum
value of 30 MPa has an indicator of 29.8 MPa. Microscopic analysis showed that the C-(A)-S-H gels
formed by GP and RFBA reduced the total porosity by approximately 18% and increased the proportion
of harmless pores (<20 nm) to 25...28%, which contributed to the improvement of the pore structure.
This concrete composition allows for a 10% reduction in cement usage and approximately 50-60%
reduction in natural aggregate consumption compared to traditional C30/35 concrete, which directly
reduces the risks of land occupation and environmental pollution associated with landfilling.

A research group of scientists in in their studies [21-22] evaluated the feasibility of using
recycled glass as a substitute for natural aggregate in concrete mixtures for 3D printing. In both
studies, concrete mixtures with recycled glass aggregate demonstrated higher plasticity indices of
concrete mixtures compared to traditional mixtures, improving their rheological properties. This is
one of the most important characteristics of mixtures used in 3D printing technology, because most
modern construction 3D printers usually use the extrusion method, which requires high mobility of
the mixtures. However, the mechanical properties of concretes based on recycled glass material were
lower compared to concrete based on river sand.

Karla Cuevas et al. in their work [21], in addition to concrete mixtures of heavy concretes for
3D printing, also studied concrete mixtures of light concretes for 3D printing. Lightweight concretes
were prepared with 50 and 100% recycled glass aggregate as a substitute for basalt aggregate and
with expanded thermoplastic microspheres (ETM) as a pore former. An effective balance between
mechanical characteristics and optimal formation of the microstructure of concretes was achieved in
lightweight mixtures with the addition of 50% recycled glass and the introduction of ETM. Thus, the
results of the research indicate that recycled glass is a more effective substitute for natural aggregates
in mixtures for lightweight concretes used for 3D printing of buildings.
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Another relevant case is the use of recycled glass as a finishing material to give architectural
expressiveness to the premises of buildings. This means the use of recycled glass in interior and
exterior products in which cullet can perform two functions — aesthetic (design element due to color,
texture, and texture of products) and functional (insulating material or filler) [3]. Such products
include facing panels, facade decorative panels, some types of tiles and mosaics, etc.

It is worth mentioning that in European countries and the USA, the use of colored glass cullet
in the production of mosaics and decorative facade panels, as well as some exterior and interior
elements, is popular. As in other cases, there are both advantages and disadvantages of using cullet
for decorative purposes. From a scientific point of view, the advantages include the following:
aesthetics (color range, glare, texture, the ability to create mosaics, etc.), physical properties of
products — moisture resistance, frost resistance, strength, etc., reduced use of primary raw materials
and recycling of glass waste. Problematic issues include: the need to control the quality and purity of
cullet (removal of paints, organic impurities), in some cases, increased production costs, insufficiently
developed collection infrastructure and logistics, etc.

Canadian-French scientists in their study [23] examined the design and optimization of a
network for collecting, sorting and recycling glass waste within a closed supply cycle. The example
is a circular network for recycling glass waste, which includes the option of recovering value by
crushing and grinding glass, in order to obtain a pozzolanic material that is used as a substitute for
the cement fraction in concrete. The authors developed the first integrated mathematical model of a
reverse supply chain for cullet, which allows maximizing profits, minimizing CO: emissions,
optimally choosing the locations and sizes of processing facilities, and evaluating different options
for reuse and recycling. The model was tested on real data from a waste processing enterprise in the
Canadian province of Nova Scotia, on the basis of which practical recommendations were made for
promoting sustainable glass recycling practices. According to the results of the scientists, the key
influence on the profitability of the system is the optimization of the location and size of glass
processing facilities.

Thus, world practice proves that recycled glass can be successfully integrated into various segments
of construction — from the production of materials for roads and foundations to the production of interior
and facade finishing products. This confirms its versatility and competitiveness as a construction resource.
The developed collection infrastructure and established glass processing lines in the countries of Europe
and North America are an example of the large-scale implementation of such technologies.

We also note that the prospects of this case are noted by foreign experts. Thus, in the study of
Oseng-Rees et al. [3], recycled glass plates were tested in outdoor conditions of bathrooms and
kitchens. The material was tested in conditions of high humidity and impacts. At the same time, a
significant number of samples remained without visible damage.

One of the significant ecological problems of our country is the accumulation of glass waste.
They constitute a significant part of solid household waste, but a small amount of them is sent for
recycling. Thus, according to researches of Ukrainian scientists, most glass material ends up in
landfills after use, and the underdeveloped system of collection, sorting and logistics does not allow
to implement in full the potential of glass recycling.

Even before the start of the full-scale war in Ukraine, several enterprises specialized in
collecting and processing recycled glass operated. In particular, the company "Utilita" in
Novomoskovsk is implementing a closed cycle of cullet production, namely, it is engaged in
collecting, sorting and cleaning cullet using modern European equipment and supplying it directly to
glass factories [24], WeDoRe is engaged in a full cycle of processing glass, aluminum and all types
of polymers, demonstrating the possibility of transforming waste into a clean semi-finished product
that can be used on a par with primary raw materials for further production [25].

The full-scale war had serious consequences in this area — on the one hand, the amount of glass
waste has increased, which is associated with a large number of building destructions, and on the
other hand, there was a loss of capacity, logistics and investments in specialized companies. Today,
the main problems are the lack of collection and sorting infrastructure, insufficient investment in the
establishment of the recycling process, and underdeveloped logistics [26].

In Ukraine, the issue of glass recycling for construction purposes is gradually gaining
momentum [27, 28], especially in the context of the development of the "green economy" and the
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increase in the cost of energy sources. The main directions are the production of thermal insulation
materials, use in cement concrete and the creation of decorative solutions. Ukraine is among the
countries that have their own production of foam glass (Lviv and Dnipro regions), cement and
concrete mixtures with the addition of cullet and decorative materials.

Conclusions. The analysis of practical cases of using recycled glass as a raw material for construction
materials and products confirmed the economic and environmental feasibility of these technologies.
Analysis of world practices showed that the use of cullet in the production of asphalt concrete, concrete
mixtures, thermal insulation materials and finishing products, provided that effective technological lines are
established, can improve the physical and operational characteristics of these construction materials.

It has been established that there are a number of enterprises operating in our country that use
recycled glass to produce various materials, but this number and capacity remain insufficient. Among
the reasons are the lack of effective infrastructure for collecting and sorting glass, logistics, a shortage of
technological capacities, and the lack of state incentives for the interest of enterprise representatives.

To implement the world experience of using recycled glass for the production of building
materials in Ukraine, it is necessary to actualize the following steps:

1. Improve the regulatory framework, namely, to initiate amendments and development of a
number of state building codes (SBK) and harmonize them with the requirements of the European
Committee for Standardization regarding the use of secondary raw materials in construction.

Ukraine has a general framework for waste management, in particular the Law of Ukraine "On
Waste Management", which came into force in 2023, however, for the effective launch of glass waste
recycling a number of specialized regulatory documents and technical regulations are not enough. Firstly,
it is worth developing a national standard for recycled glass as a construction material, which would
clearly define the classification of recycled glass, requirements for its quality (purity, granulometric
composition, pozzolanic activity, etc.). Secondly, another effective mechanism is to establish mandatory
norms at the legal level regarding the use of a minimum share of recycled mineral raw materials for the
production of construction materials, which which are implemented in many countries of the European
Union. The possibility of using waste, including recycled glass, is complicated due to the lack of clear
criteria between the waste status and the status of construction materials, since waste is subject to a more
extensive permitting procedure because of their potential danger to human health. All of this is a
significant barrier for large-scale glass recycling in the construction industry.

2. Introduce economic incentives by establishing tax exemptions for producers of construction
materials based on recycling mineral raw materials and establishing priority in public procurement
for materials containing such raw materials.

3. Create regional infrastructures for collecting, sorting and processing recycled glass. Develop
the network of regional centers for collecting, sorting and processing glass within large
agglomerations (Kyiv, Dnipro, Odesa, Kharkiv, Lviv) by purchasing modern equipment under the
terms of public-private partnership or by involving international investments.

4. Conduct social and informational events. Currently, there is low awareness of the general public
about the benefits of separate waste collection and technologically correct solutions for their rational
processing, the possibilities and advantages of recycling. Most people consider this idea unattainable in
implementation, so it is worth conducting information campaigns with the demonstration and
popularization of successful global cases of glass collection, sorting and recycling systems.

In addition, there is a there is a shortage of qualified personnel at both the engineering and labor
levels to provide consultations, recommendations, and direct implementation of recycling
technologies. The solution of this problem could be the introduction by the Ministry of Education and
Science of pilot projects with the opening of centers for sorting and recycling of recycled glass based
on specialized universities. Following the example of how energy efficiency centers were opened in
several universities of Ukraine. The functioning of such centers will allow to solve several issues at
once: the availability of demonstration stands and exhibitions on the usefulness of sorting and
recycling of glass; training of specialists in ecology, civil engineering specialties on visual equipment;
conducting consultations for communities and scientific research.

5. Taking into account the needs of post-war reconstruction of Ukraine, the highest priority is
to establish the production of thermal insulation materials (foam glass) to increase the energy
efficiency of buildings; the development of concrete mixtures based on recycled glass for 3D printing
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of building structures as an alternative rapid technology for the restoration of destroyed buildings and
the development of materials based on recycled glass for road construction.

The implementation of technologies for the use of recycled glass in the production of construction
materials in Ukraine is particularly important in view of the European integration movement and the
need for transition of the national economy sectors to the principles of a circular economy.

This research was conducted with the support of the International Visegrad Fund under the
Visegrad Scholarship Programme (Scholarship 1D: 52510425) at the Maria Curie-Sklodowska
University in Lublin.
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HalrocTpimmx eKoJoriyHuX mpobieM. J[ocTaTHHO 3HAYHY YACTKy Yy 3arajbHii Maci TBepaux
noOyTOBUX BIIXOMIB HAJIEXKHUTh caMe€ CKISHUM Biaxojgam. [Ipm 1bOMy CKJIO NpakTHYHO HE
PO3KIJIaZIa€ThCs Y IPUPOAHUX YMOBaX, 1110 CTBOPIOE TPUBAJle HaBaHTAXXEHHs Ha TOBKULIA. BogHouac
BOHO Ma€ MOTEHII1aJI NEPCIEKTUBHOIO CHPOBUHHOI'O MaTepially, sike MOKe IOBTOPHO MepepoOIsATUCS
0e3 BTpaTH OCHOBHHX (Pi3MKO-XIMIYHMX BIIACTHBOCTEH. Y 3B’SI3Ky 3 IIMM aKTYaJIbHUM € MUTAHHS
PELMKIIIHTY BTOPMHHOIO CKJIa, OCOONMBO y OyaiBENbHIM Tamy3i, sIka € TOJOBHHUM CIIOKMBAaYeM
npupogHux pecypci (61 50 %) i Tomy, BiANOBiAHO, MOTpeOye 3ampOBAKEHHS TEXHOJOTIH i3
BUKOPUCTaHHSAM QJIbTEPHATUBHUX BapiaHTIB CUPOBUHH.

Ile cnpusTMMe 3HMKEHHIO €KOJOIIYHOIO HaBAaHTAKEHHs, PallilOHAJIBHOMY BUKOPHCTAHHIO
pecypciB 1 MiJIBUILIEHHIO €KOHOMIYHOI €(eKTUBHOCTI OyaiBHUIITBA. MeTOol0 poOOTH € BU3HAYECHHS
€(eKTUBHOCTI ¥ MOXJIMBOCTI IMIUIEMEHTAlli A0 CyYaCHUX YMOB YKpaiHM YCHIIIHUX CBITOBHUX
MIPAKTUK BUKOPUCTaHHS BTOPUHHOTO CKJIA JIJIs1 BAPOOHHIITBA OyAiBEIbHUX MaTEpiaiB.

AHati3 HayKOBHUX pOOIT J03BOJIMB BUSBUTH HAHOUIbII YCIHIIIHI KEWCH PELUKIIHTY CKJa JUIs
BUPOOHMLITBA OyAiBEIbHUX MaTepialliB y CBITOBIH MpakTulli. BurotoBiaeHHs acgaibToOETOHHUX
cymimieit 13 gomaBarasaMm 10 — 30% ckiob6oro (glasphalt), TemioizonsiifHUX MaTepianiB Ha OCHOBI
MHOCKJA, JIETKUX OETOHIB 13 MIKPONOJPIOHEHUM CKJIOM $IK YaCcTKOBUM 3aMIHHMKOM IIICKy Ta
03/100JTI0BAIBHUX MaTepialliB, TAaKUX SIK JEKOPATHBHI MaHENl 1 MO3aiKH 13 KOJIbOPOBOiI CKIIOKPUXTH.
B Vkpaini, nonpu HasBHICTb BUPOOHUYMX MOTYXHOCTEH, piBE€Hb OBTOPHOI'O BUKOPUCTAHHS CKJIa
3aJIMIIAETHCA HU3bKUM UYepe3 HEPO3BUHEHY 1HPPACTPYKTYypy 30MpaHHS, COPTYBaHHS Ta OUMIICHHS
CKITHUX BigxoxiB. [Ipote 3poctanHs norped y OymiBenbHUX MaTepianax y mporeci MmicIsiBOEHHOTO
B1JIHOBJICHHSI CTBOPIOE CIIPUSTIIMBI YMOBH JUIsl MaclITaOyBaHHS TaKUX TEXHOJIOTIH.

Jnst iMruieMeHTarli CBiTOBOTO JOCBIAY BHKOPUCTAHHS BTOPMHHOTO CKJIA JJII BUPOOHHIITBA
OyaiBenbHUX MaTepialiB B YKpaiHi HE0OOX1IHO peasizyBaTh HACTYIHI KPOKH:

1. ITokpamuTu HOPMAaTUBHO-IIPaBOBY 0a3y, a came iHILIFOBaTH BHECEHHS 3MiH Ta pO3pOOKY
HU3KHU JIepKaBHUX OyaiBensHUX HOpM (JIBH) Ta rapmonizysaru ix i3 Bumoramu European Committee
for Standardization 110,10 BUKOpUCTaHHS BTOPUHHOI CHPOBHUHU y OY/IiBHUIITBI.

2. 3anpoBagUTH EKOHOMIYHI CTUMYJHM MUISXOM BCTAaHOBJICHHS MOJATKOBUX IIUIBT JISI
BUPOOHUKIB OyAiBETbHIX MaTepialiB Ha OCHOBI BTOPMHHOI MiHEpaJIbHOT CHPOBHHU Ta BCTAHOBJICHHS
MpiOpUTETY Y MyOIIYHHUX 3aKyMIBISAX HA MaTEPiaH i3 BMICTOM TaKOi CHPOBHHH.

3. CtBOpUTH perioHaIbHy iH(pacTpyKTypy 30MpaHHs, COPTYBaHHS Ta HEPEpPOOKH BTOPUHHOT'O CKJIA.

4. IIpoBoauTH comiaibHO-1H(pOpPMaIIiiiHI 3aX0IH.

5. BpaxoByroun notpedu MoBOEHHOT BiIOYIOBH Y KpaiHW HAHOLUTBII MPIOPUTETHUM € HAJIArOJKSHHS
BUPOOHHMIITBA TEIUIOI30JSILIIHMX MaTepiatiB (IMHOCKIIA) U MT1IBUILIEHHS eHeproe(eKTUBHOCTI OyiBelb;
PO3poOKa OETOHHUX CyMIIlIeif Ha OCHOBI BTOPMHHOTO CKJIa Juist 3D-1pyKy Oy/IiBEIbHUX KOHCTPYKIIIH SIK
aITbTePHATUBHOI IIBUJIKOT TEXHOJIOT I 13 BIIHOBJICHHIO 3pyHHOBaHUX OyAiBelb Ta po3poOKa MaTepialliB Ha
OCHOBI BTOPUHHOT'O CKJIa /IS IOPO’KHBOTO Oy TIBHUILITBA.

KirouoBi cjioBa: BTOpHHHE CKJIO, CKIJIOOiIH, PEIUKIIIHT, OymiBENbHI Marepiaiau, «3eJeHE»
Oy 1IBHUIITBO.
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Abstract. The study investigates the influence of plasticizing admixtures of different chemical
nature and the mechanical-chemical activation of components on the water demand and rheological
properties of the mortar mixture for non-autoclaved cellular concrete. It is established that increasing
the dosage of the plasticizer reduces water demand and enhances the mixture’s mobility, ensuring
stable gas formation and the development of a uniform pore structure, which is critically important
for thermal-insulating materials. It has been demonstrated that polycarboxylate super plasticizers
exhibit a more pronounced dispersing effect compared to naphthalene-formaldehyde admixtures, as
they create combined steric and electrostatic barriers on the surface of cement particles, preventing
their aggregation. The application of mechanical-chemical activation of the cement-ash system
increases its fineness, activates particle surfaces, and accelerates early hydration processes, which
leads to an increase in the spread diameter of the mixture without additional water demand, even at
minimal admixture dosages. Optimal activation duration has been identified, at which the maximum
rheological effect is achieved. Excessive activation time, in contrast, results in over-grinding, an
increase in specific surface area, higher water demand, and potential deterioration of structural
stability. Iso-surface analysis of the system "plasticizer dosage — activation duration — flow spread”
confirmed the synergistic interaction of these parameters: the greatest increase in mobility occurs
when a moderate amount of plasticizer is combined with a rational activation duration, ensuring an
optimal balance between workability and mixture stability. The obtained results enable a more precise
optimization of the mix design and technological regime for producing cellular concrete, improving
mixture workability, structural uniformity, and the operational performance of the final material.

Keywords: cellular concrete, plasticizing admixtures, polycarboxylate super plasticizers,
mechanical-chemical activation, water demand, mixture workability, iso-surfaces, composition
optimization.

Introduction. One of the most significant directions in contemporary construction materials
science is the improvement of thermal insulation cellular concretes. A decisive stage in the production
of cellular concrete is the formation of its porous structure and the geometric parameters of inter-pore
partitions, which largely determine the physical, mechanical, and thermal performance of the final
material.

At the stage of primary structure formation, the system exhibits an inherent contradiction
between two opposing phases: on the one hand, the air bubble forming the future pores, and on the
other hand, the cementitious mortar matrix. The mortar phase represents a highly concentrated
suspension consisting of liquid and solid particles. Within such a medium, the air bubble, due to its
low density and mass, exists under mechanically unstable conditions. The degree of this instability is
primarily governed by the rheological characteristics of the mortar phase.

In modern cellular concrete technology, particular attention is therefore devoted to the
controlled regulation of the rheological properties of mortar mixtures, which ensure structural
stability during pore formation, shaping, and early hardening. The rheological behavior of the mixture
is determined by a complex combination of factors, including binder composition, type and dosage
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of plasticizing admixtures, water-to-cement ratio (W/C), mixing intensity, and physicochemical
activation of the components.

The rheological properties of mortar mixtures can be effectively regulated through control of
water demand. Water demand is a key technological parameter that determines not only mixture
workability but also density, porosity, structural uniformity, and ultimately the physical and
mechanical properties of the hardened material. Excessive water content leads to reduced strength,
segregation, and instability of the pore structure, whereas insufficient water complicates foaming
processes and hinders uniform distribution of gas-forming components.

Analysis of Recent Research and Publications. The rheological characteristics of cement and
cellular systems play a critical role in ensuring structural uniformity, optimal porosity, and stability
during pore formation. Numerous studies [1-3] emphasize that the ability of a mixture to maintain
plasticity, stability, and controlled gas formation without segregation constitutes a fundamental
prerequisite for obtaining high-quality cellular concrete.

The workability and water demand of cement-based systems depend on interactions between
binder particles, the surface properties of water, and the presence of organic and inorganic admixtures.
According to previous studies [4, 5], an increase in binder dispersity or the introduction of active
mineral additives modifies the specific surface area of the system, directly affecting the amount of
adsorbed water and the kinetics of hydration processes.

Several researchers [5-7] have demonstrated that increased cement fineness or the incorporation
of finely ground mineral additives (silica fume, fly ash, metakaolin) reduces water demand due to
densification of the granular structure. The use of plasticizing and super plasticizing admixtures of
various chemical types (naphthalene sulfonates, lignosulfonates, polycarboxylates) enables a reduction
in the water-to-cement ratio by 10-25% without compromising mixture workability [8, 9].

The influence of plasticizing admixtures on the rheology of cement pastes has been extensively
investigated. As reported by Ramachandran [6] and Rixom & Mailvaganam [7], lignosulfonate and
naphthalene sulfonate admixtures reduce water demand by approximately 10-15%, whereas modern
polycarboxylate-based super-plasticizers provide a more pronounced effect due to the steric repulsion
mechanism between cement particles.

Experimental evidence indicates that optimal plasticizer dosage improves particle wettability,
reduces the amount of bound water, and enhances the homogeneity of the cellular concrete structure.
Excessive dosages, however, may result in excessive dilution of the mixture and loss of foam stability
[8-10].

A significant approach to improving the technological properties of cement systems is mechanical-
chemical activation. According to previous investigations, preliminary grinding of cement in high-energy
mills alters particle morphology and creates active defects within the crystal lattice. This promotes
intensified hydration, improved adsorption capacity, and, consequently, reduced water demand [11, 12].
It has been emphasized that the combination of mechanical activation with super plasticizer application
produces a synergistic effect, enabling a reduction of the water-to-cement ratio to 0.25-0.30 while
maintaining high workability. This is particularly important for cellular concretes, as excessive water
content leads to reduced stability of the gas-foam structure and the formation of macropores [13, 14].

The rheological behavior of cellular systems differs fundamentally from that of conventional
cement pastes due to the presence of pore-forming agents and stabilizers. Even minor variations in
component ratios, viscosity, or surface activity of the liquid phase can significantly affect pore
distribution, density, and strength of the final material [13-15].

Moreover, cellular cement systems exhibit complex nonlinear rheological behavior. Cement—
foam mixtures demonstrate pseudoplastic characteristics, in which viscosity decreases with
increasing shear rate. This implies that even slight changes in mixture composition or mixing energy
may result in substantial variations in structure formation [15].

Recent studies also indicate that water demand and rheological properties are influenced by:

« content and fineness of quartz sand;

« type and concentration of surfactants;

« duration and intensity of mixing;
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« temperature conditions during mixture preparation.

In particular, an increase in temperature above 30 °C accelerates hydration reactions and leads to
structural thickening, necessitating additional water to maintain the required level of workability [16].

The analysis of the available literature indicates that a complex set of interrelated compositional
and technological factors simultaneously affects the water demand of cellular concrete mortar mixtures.
However, the interactions between these factors and their quantitative evaluation remain insufficiently
studied, which determines the relevance and scientific significance of the present research.

Research Objective. The objective of this study is to determine the influence of plasticizing
admixtures and mechanical-chemical activation on the water demand of mortar mixtures for cellular
concrete.

Research Tasks. 1. To substantiate the selection of an appropriate type of plasticizer for the
production of thermal insulation cellular concrete. 2. To conduct an experimental study using methods
of mathematical statistics to evaluate the influence of various factors on the water demand of cellular
concrete mortar mixtures.

Materials and Methods. The research was based on a systems approach, combining experimental
investigations with statistical processing of results to determine the effects of individual and combined
factors. Portland cement M-500 with a specific surface area of 320-340 m?/kg was used. The cement
was characterized by stable hardening behavior and a low impurity content, which minimized result
variability. Fly ash from thermal power plants was used as an active mineral additive, providing
pozzolanic reactivity and reducing water demand through micro-filling of the intergranular space.

Chemical modification of the system was achieved using plasticizing admixtures: a naphthalene
sulfonate plasticizer at dosages of 0.5-2.0% by cement mass and a polycarboxylate-based super

plasticizer at dosages of 0.25-1.5%. Mortar mixtures were prepared by first dissolving the
admixtures in mixing water, followed by the introduction of solid components and subsequent
mixing. The flow spread diameter was determined using a Suttard viscometer. After the initial
measurement, the mixture was subjected to mechanical-chemical activation for 30, 60, and 90 s in a
laboratory rotor mixer providing intensive mixing and enhanced system homogeneity. After
activation, the flow spread diameter was measured again.

The experimental program was conducted in two stages. During the first stage, the influence of
two plasticizing admixtures of different chemical nature on the rheological properties and flow spread
of cellular concrete mortar mixtures was evaluated. A second-generation naphthalene sulfonate super
plasticizer acting via electrostatic dispersion of cement particles was selected for comparison. This
admixture improves material density and strength, particularly at early stages of hardening, but may
cause mixture segregation and structural non-uniformity when overdosed. A third-generation
polycarboxylate super plasticizer acts through steric hindrance created by branched polymer chains,
promoting uniform dispersion, structural stability, and improved physical and mechanical properties
at relatively low dosages.

To address the second research task, a mathematical experiment design method was applied
using a three-factor Box—Behnken design (type B-3). The selected variable factors were:

« X, —filler content (ground quartz sand): 0, 0.2, 0.4,

X, — plasticizer dosage (naphthalene sulfonate): 0.5%, 1.0%, 1.5%;

« X5 — duration of mechanical-chemical activation, s: 30, 60, 90.

Each factor was varied at three levels (minimum, central, and maximum), enabling the
construction of a response surface model and assessment of factor interactions. The mixture
preparation involved preliminary dry mixing of cement and ground quartz sand, followed by the
addition of the plasticizer solution prepared in a portion of the mixing water. Subsequent mechanical-
chemical activation was performed in a laboratory mixer for a duration corresponding to factor Xa.
The flow spread diameter was measured before and after activation, and the increment in flow spread
was calculated as a quantitative indicator of the effect of mechanical-chemical activation.

Research results. Figure 1 illustrates the influence of plasticizer dosage at different water-to-
cement ratios (W/C = 0.30-0.45) on the flow spread of the mixture. Based on the experimental data,
clear regularities in the effect of plasticizing admixtures on mixture mobility were established.
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Fig. 1. Dependence relationship between the flow spread diameter and plasticizer dosage at
different water-to-cement ratios obtained by polynomial approximation

Table 2 presents the results of the influence of variable factors on the flow spread diameter of
the mortar mixture before and after activation, as well as the calculated increment in flow spread
diameter, which characterizes the change in mixture workability induced by activation. The increment
in flow spread diameter was adopted as a quantitative criterion for evaluating the effectiveness of the

combined action of the plasticizer, mineral filler, and mechanical-chemical activation.

Table 2 — Planning matrix experiment and results

Factors Results
Run X | X | X5 Flow spread diameter of .FIOW spread Increment in flow
No. the mortar mixture before dlamet.er of the spread diameter, mm
N | D | T o mortar mixture after
activation, mm L (absolute)
activation, mm

1 - - - 50 160 110.0

2 + - - 90 215 125.0

3 - + - 70 225 155.0

4 + | + - 255 300 45.0

5 - - + 120 220 100.0

6 + - + 195 340 145.0

7 - + | + 155 250 95.0

8 + | + | + 245 380 135.0

9 - 0 0 165 230 65.0
10 | + 0 0 220 320 100.0
11 ] 0 - 0 155 285 130.0
121 0 + 0 185 340 155.0
1310 0 - 165 270 105.0
14| 0 0 + 185 320 130.0
151 0 0 0 210 270 60.0
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Based on the experimental results, regression coefficients were determined and mathematical
models describing the flow spread diameter of the mortar mixture before activation, after activation,
and its variation induced by activation were developed. Due to the complex nonlinear nature of the
observed relationships, logarithmic transformation was applied to obtain mathematical models that
adequately describe the experimental data. The resulting logarithmic models of the response variables
are expressed as follows:

1. Before activation LnD = 5.347 + 0.311x; + 0.204x, + 0.252x5 + 0.085x;x, —
0.117x;x3 — 0.112x,x3 — 0.097x% — 0.215x25 — 0.184x3

2. After activation LnD =5.705 + 0.177x; + 0.109x, + 0.129x; — 0.003x;x, —
0.117x,x3 — 0.054x%,x5; — 0.128x% — 0.009x% — 0.048x3

3. Increment LnD = 4.535+ 0.004x; — 0.063x, + 0.088x3 — 0.173x,X, + 0.229x;x3 —
0.069x,x5; — 0.256x% + 0.310x3 + 0.115x3

All developed models were found to be adequate within a 5% experimental error. This made it
possible to construct various graphical representations illustrating the influence of the variable factors on
the water demand of the mortar mixture. Figure 2 presents a graphical interpretation of the experimental
results. The combined three-dimensional plot illustrates the variation in the flow spread diameter of the
mortar mixture before and after mechanical-chemical activation, as well as the increment of this
parameter. This visualization enables a direct comparison of changes in mixture workability induced by
mechanical-chemical activation under different combinations of filler content and plasticizer dosage.

0.75 X2 (Plasticizer content)
0.50

2.00 0.00

Fig. 2. Iso-surfaces of the flow spread increment resulting from mechanical-chemical activation

Results and Discussion. The obtained experimental results confirm a significant influence of
both plasticizing admixtures and mechanical-chemical activation on the rheological properties of the
mortar mixture. It was established that changes in mixture workability exhibit a pronounced nonlinear
dependence on plasticizer dosage and activation duration.

Effect of the Type of Plasticizing Admixture. Figure 1 illustrates the dependence of the flow
spread diameter of the mortar mixture on the dosage of plasticizing admixtures of different chemical
nature at various water-to-cement ratios (W/C = 0.30-0.45). As can be observed from the
experimental data, an increase in plasticizer dosage in all cases leads to an increase in mixture
workability, which is associated with enhanced dispersion of cement particles and a reduction in inter-
particle coagulation. At the same time, the shape of the curves differs substantially depending on the
chemical nature of the admixture.

For polycarboxylate-based super plasticizers (Fig. 1a, b), a pronounced parabolic relationship
is observed. As the admixture dosage increases to 1.0—1.5% by cement mass, the flow spread diameter
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increases rapidly, followed by a saturation effect. This behavior corresponds to the mechanism of
action of polycarboxylates, which provide both electrostatic repulsion and steric stabilization of
cement particles due to the presence of polymer side chains. The efficiency of the plasticizing effect
increases with decreasing W/C, which is attributed to the higher particle concentration in the system
and more intensive polymer adsorption on particle surfaces.

In contrast, naphthalene-formaldehyde-based admixtures (Fig. 1c, d) are characterized by an
almost linear or sub-linear increase in flow spread without a clearly expressed saturation effect.
Maximum workability values are achieved at dosages of 2.5-3.5%, which is mainly explained by the
predominantly electrostatic mechanism of action of these admixtures. With increasing water-to-
cement ratio, the efficiency of naphthalene-formaldehyde plasticizers decreases, since a higher
amount of free water reduces the density of inter-particle contacts.

Thus, the experimental results confirm that polycarboxylate super plasticizers are more
effective at low W/C ratios and provide a greater increase in mixture flow spread at lower dosages,
whereas conventional naphthalene sulfonates exhibit a more linear but less pronounced effect.
Polynomial approximation of different orders adequately describes the obtained experimental
relationships and can be used for further quantitative assessment of the influence of plasticizers on
the water demand of cement systems.

Analysis of the obtained dependencies indicates that the effectiveness of plasticizing
admixtures strongly depends on both their chemical nature and the water-to-cement ratio of the
system. Polycarboxylate super plasticizers ensure a significantly higher increase in workability due
to the combined electrostatic and steric mechanisms, while naphthalene-formaldehyde admixtures
demonstrate a gradual but less intensive effect. As the W/C ratio decreases, the sensitivity of the
system to the action of plasticizers increases, opening opportunities for optimizing mortar
compositions in order to reduce water demand while maintaining high technological performance.

Effect of Mechanical-Chemical Activation. Figure 2 presents iso-surfaces illustrating the
influence of the main factors-filler content (X1), plasticizer dosage (Xz2), and duration of mechanical-
chemical activation (X3) — on the increment in the flow spread diameter of the mortar mixture. The
iso-surfaces represent the spatial distribution of the response variable Y, which characterizes changes
in mixture workability resulting from the combined action of these factors. As shown in the figure,
the distribution exhibits a pronounced nonlinear character, indicating a complex interaction between
the components of the system.

The most significant influence on flow spread is exerted by plasticizer dosage. As its content
increases, the flow spread increases; however, beyond a certain level, a saturation eftect is observed,
where further increases in dosage do not lead to a substantial improvement. This behavior is explained
by the attainment of a limiting surface adsorption of polymer molecules on cement particles, after
which the system reaches a stabilized state.

The duration of mechanical-chemical activation (Xs) exhibits a dual effect. At relatively short
activation times (up to 60 s), the surface of cement grains is activated and the degree of system
dispersion increases, which has a positive effect on flow spread. With increasing activation duration,
however, the effect becomes adverse: excessive grinding of particles occurs, leading to an increase in
specific surface area and water demand, which reduces the overall workability of the mixture. Thus,
this factor is characterized by the presence of a clearly defined optimum.

The influence of mineral filler content (X1) is manifested through changes in system viscosity.
At low and moderate concentrations, a slight increase in flow spread may occur due to a reduction in
inter-particle friction. However, when the filler content exceeds a certain threshold, mixture
workability decreases markedly as a result of plasticizer adsorption on the filler particle surfaces and
mechanical densification of the structure.

The shape of the iso-surfaces indicates the presence of significant interactions between the
investigated factors. The most pronounced synergistic effect is observed between plasticizer dosage and
activation duration, where moderate mechanical-chemical treatment enhances the plasticizing effect and
ensures the maximum increment in flow spread diameter. At the same time, excessive combinations of
high values of both factors may lead to an opposite effect. Partial compensation of the negative influence
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of filler content is also possible through activation, but only within optimal processing regimes.

Overall, the results confirm that mechanical-chemical activation in combination with
plasticizing admixtures makes it possible to significantly enhance the workability of cement systems,
provided that activation duration and mixture composition are appropriately selected. Polynomial
approximation adequately reproduces the nonlinear nature of the observed dependencies and can be
applied for predicting optimal technological parameters.

Further analysis of the obtained relationships shows that the effectiveness of mechanical-chemical
activation is determined by the combined influence of activation duration, plasticizer dosage, and filler
content. The maximum increment in flow spread is achieved at intermediate activation durations and
increased plasticizer dosages, where a synergistic interaction between the factors is observed. Excessive
activation or excessive filler content reduces mixture workability due to increased water demand and
adsorption of plasticizer molecules by solid particles. Thus, an optimal combination of mechanical-
chemical activation regime and mixture composition ensures maximum technological efficiency.

Conclusions:

1. The study investigated the regularities governing the influence of plasticizing admixtures of
different chemical nature and mechanical-chemical activation on the water demand and workability
of mortar mixtures for cellular concrete. It was established that increasing plasticizer dosage within
optimal concentration ranges reduces system water demand and increases the flow spread diameter.

2. Polycarboxylate super plasticizers provide a significantly greater effect compared to
naphthalene-formaldehyde-based admixtures, which is explained by the combined electrostatic and
steric mechanisms of action. Their efficiency increases with decreasing water-to-cement ratio.

3. Mechanical-chemical activation of the cement system positively affects mixture workability
by increasing particle dispersity and surface activity. At the same time, excessive activation duration
leads to an adverse effect due to increased specific surface area and water demand.

4. A synergistic interaction between plasticizer dosage and mechanical-chemical activation
duration was identified. Optimal values of these factors ensure the maximum increment in flow spread
diameter without compromising mixture stability.

5. The obtained results make it possible to determine rational component proportions and
activation parameters for reducing water demand and improving the technological properties of cellular
concretes, which is of practical significance for advancing thermal insulation material technologies.

References

[1] I.M. Roitman, Reolohichni vlastyvosti tsementnykh system. Kyiv: Budivelnyk, 2017.

[2] A.l. Zaichenko, V.A. Pluhin, Tekhnolohiia nizdriuvatykh betoniv. Kharkiv: KhNUBA, 2020.

[3] V.S. Ramachandran, J.J. Beaudoin, Handbook of Analytical Techniques in Concrete Science
and Technology. Noyes Publications, 2016.

[4] M. Collepardi, Modern Concrete Technology. Taylor & Francis, 2018.

[5] A.M. Neville, Properties of Concrete. Pearson Education, 2021.

[6] O. Pashkevich et al., "Effect of superplasticizers on rheology and strength of foam concrete
mixtures", Construction and Building Materials, vol. 296, pp. 123-131, 2022.

[7] K.M. Liew et al., "Lightweight foamed concrete: Rheological behavior and performance
optimization", Cement and Concrete Composites, vol. 118, pp. 103-112, 2021.

[8] R.Z. Rakhimov et al., "Mechanochemical activation of Portland cement: Effects on hydration
and structure formation", Materials Today: Proceedings, vol. 33, pp. 178-183, 2020.

[9] P.V. Kryvenko, O.A. Petropavlovskyi, "Scientific principles of low-density concrete
technology", Building Materials and Products, no. 2, pp. 15-22, 2023.

[10] A.P. Pustovhar et al., "Surface modification of cement grains and water demand
reduction", Cement and Concrete Research, vol. 132, pp. 106-114, 2020.

[11] S. Mindess, J.F. Young, Concrete. Prentice Hall, 2019.

[12] 1.V. Barabash, Mekhanokhimichna aktyvatsiia mineralnykh viazhuchykh rechovyn: Navch.
posibnyk. Odesa : Astroprynt, 2002.

ISSN 2786-6696 Modern construction and architecture, 2026, no. 15, page 79-86

85



86

BUILDING MATERIALS AND TECHNIQUES

[13] A. Korjakins, G. Shakhmenko, "Rheological properties and structure formation of
lightweight concrete mixtures", Procedia Engineering, vol. 172, pp. 518-525, 2019.

[14] O.M. Smyrnova, "Influence of surfactants on stability of foam concrete mixtures",
Construction and Building Materials, vol. 247, pp. 118-126, 2020.

[15] Y. Zhang et al., "Temperature effects on rheology of cementitious systems containing
superplasticizers", Materials, vol. 15, no. 3, Art. 842, 2022.

[16] N. Roussel, Understanding the Rheology of Concrete. Woodhead Publishing, 2021.

PEI'YJIIOBAHHS BOJOIIOTPEBM PO3YMHOBOI CYMIIII JIJISI HI3APIOBATHUX
BETOHIB INTACTUH®IKATOPAMU TA MEXAHO-XIMIYHOIO AKTUBALICTIO

Maprunos B.I., 1.1.H., npodecop,

ogasa_psk@ukr.net, ORCID: 0000-0002-9674-7920

Taituan 1.C., acriipanr,

dimataichan1996@gmail.com, ORCID: 0000-0003-1603-323X
Y0o0ecvra depacasna axademis 6ydienuymea ma apximexmypu
By inpixcona, 4, M. Ogneca, 65029, Ykpaina

AHoTanisi. Y poO0Ti TOCIIKEHO BIUIUB IIACTU(DIKYIOUHX T00aBOK Pi3HOI XIMIYHOT TPUPOIU
Ta MEXaHO-XIMIYHOI aKTUBAIil KOMIIOHEHTIB Ha BOJIONIOTPEOY Ta PEOJIOTiYHI BIACTUBOCTI pO3YUHOBOI
cymimm st HizaproBaToro 0eTroHy. BcraHoBIIeHO, 1m0 301IbINEHHS J03yBaHHS IuiacThdikaropa
CHpUsi€ 3MEHILICHHIO BOJIOTIOTPEOH Ta MiABUILICHHIO PYyXJIMBOCTI CyMillli, 3a0e3neuyoun cTabiIbHICTh
ra3oyTBOpPEHHs Ta ()OpPMYBaHHSA PIBHOMIPHOI IOPOBOI CTPYKTYpH Martepialy, L0 € KPUTHUYHO
BOKIMBUM IS TEIUIOI30JAALIWHUX ~ BUpoOiB.  JloBeaeHo, 10  modiKapOOKCHIIATHI
cynepruiacTi(ikaTopu MPOSBISAIOTH OUIBIIT BUPAXXCHHH JHUCTIEPTyBaIbHUN €(GEKT IMOPIBHAHO 3
HadTaniHpOpMaNbAETIAHUMU 100aBKaMH, OCKUIBKA CTBOPIOIOTH Ha MOBEPXHI YACTHHOK LIEMEHTY
KOMOIHOBaHI CTEpUYHI Ta €JIEKTPOCTaTUYH1 Oap’epH, sIKI MEePEIIKOKa0Th arperaiii. 3acTOCyBaHHS
MEXaHO-XIMIYHOI aKTHBallli LEMEHTHO-30JIbHOT CHUCTEMHU MiABHILY€E ii JIUCHEPCHICTh, AKTUBYE
MOBEPXHIO YaCTUHOK 1 MPUCKOPIOE paHHI cTajil rigpararii, mo 3ade3nedye 3pOCTaHHS JlaMeTpa
PO3TiKaHHS cyMiln 0e3 J0JaTKOBOTO MPUPOCTY BOJOMOTPEOM HABITh 3a MIHIMAJbHHUX J03yBaHb
n00aBoK. BCcTaHOBIEHO ONMTHMAaNIbHY TPUBATIICTh aKTHBAIlli, 32 SKOi JOCSATAETHCS MaKCHUMaIbHHMN
peosoriunuii epext. HanmipHe mogoBxkeHHs yacy 0OpoOKH, HaBMAKU, MPU3BOIUTH J0 HAIMiIpHOTO
Mo/piOHEeHHsI, 30UIbLIECHHS MUTOMOI IOBEPXHI, MIJBUIICHHS BOAONOTPEOM ¥ MOXKIMBOTO
MOTipIIEHHA  CTaOUIbHOCTI  CTPYKTYypH. I30MOBepXHEBHMH  aHali3 CUCTEMH  «J103yBaHHS
macTudikaTopa — TPUBAIICTh aKTUBAIli — PO3TIKAHHA» MIATBEPAUB CHHEPriYHUNA XapakTep
B3a€MOJIIi IMX MapaMeTpiB: HAUOUIBIIMKA NPHUPICT PYXJIUBOCTI CIIOCTEPIra€Tbcs 3a IMOETHAHHS
MOMIPHOT KIJIBKOCTI IJIaCTU(IKaTOpa 3 paliOHAIbHOIO TPUBAIICTIO MEXaHO-XIMIYHOI 0OpOOKH, 110
3abe3neuye ONTHUMalIbHUN OallaHC MK TEKYYICTIO Ta CTiMKicTIo cyMim. OTpuMaHi pe3yiabTaTu
JIO3BOJIAIOTH OLIbII TOYHO ONTHUMI3YBATH PELENTYypy Ta TEXHOJIOTTUHUN PEXKUM IMPUTOTYBAHHS
HI3IpIOBaTUX OETOHIB, MiJBUIIYIOYN TEXHOJOTIUHICTh, OJTHOPIAHICTh CTPYKTYPH U €KCILTyaTalliiHi
BJIACTUBOCTI TOTOBOTO MaTepiaiy.

KawuoBi caoBa: HizaproBatuil 0eToH, mmiacTudikyrodi 100aBKH, MOJiKapOOKCHUIATHI
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Abstract. The article is devoted to a comprehensive study of the regulatory and legal
conceptualization of energy efficiency of buildings in Ukraine in the context of the implementation
of European standards and the formation of a national legal regulation system. The evolution of the
conceptual apparatus from the term "energy saving” to “energy efficiency"” is analyzed, which
reflects the transition from quantitative restrictions on consumption to improving the quality of
energy use in accordance with the requirements of Directive 2010/31/EU on the energy
performance of buildings and Directive 2012/27/EU on energy efficiency. The basic legislative acts
are studied, in particular the Law of Ukraine "On Energy Performance of Buildings", the Law of
Ukraine "On Energy Efficiency"” and the creation of the Energy Efficiency Fund as an institutional
mechanism for supporting the thermal modernization of residential buildings with total funding of
over 2 billion UAH. The main legal regulatory instruments are identified: a system of mandatory
energy certification of buildings, energy audit, minimum requirements for energy efficiency of new
buildings and the concept of buildings with a near-zero energy consumption level. An analysis of
by-laws and technical standards that form a comprehensive regulatory system from design to
operation of buildings, including methods for calculating energy characteristics and energy
efficiency classification, was carried out. It was established that Ukrainian legislation successfully
integrates European approaches, creating a legal basis for a systematic reduction in energy
consumption in buildings and achieving climate goals by 2050. The practical implementation of the
concept demonstrates positive results in the period 2018-2023. The average level of energy savings
after thermal modernization is 31.3%, which confirms the effectiveness of legal mechanisms for
stimulating energy efficiency and the need for further improvement of the regulatory framework.

Keywords: energy efficiency of buildings, legal regulation, energy certification, thermal
modernization, European integration, energy audit, sustainable development.

Introduction. Energy efficiency of buildings is a priority area of modern state policy in the
context of global challenges of energy security and climate change. According to the European
Commission, about 40% of total final energy consumption in EU countries is accounted for by
buildings [1]. In Ukraine, the situation is complicated by the historically high energy intensity of the
economy and the dilapidated housing stock. In particular, energy costs for heating a typical
apartment in Ukraine are 2-3 times higher than the average in EU countries [2]. As a result,
increasing the energy efficiency of buildings is considered a strategic way to reduce energy
consumption, reduce greenhouse gas emissions, and save the population's costs for housing and
communal services.

It should be noted that Ukraine, moving in line with European integration processes, has
undertaken to implement EU regulations in the field of energy efficiency, in particular Directive
2012/27/EU on energy efficiency and Directive 2010/31/EU on the energy performance of buildings
[3, 4]. The implementation of European standards in Ukraine takes place at the intersection of two
important trends: ensuring sustainable (balanced) development and reforming national legislation in
accordance with European standards. Domestic researchers A. Kalensky and T. Gerlyand rightly
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note that the issues of legal support for energy efficiency of buildings are among the leading ones in
the context of sustainable development law of today [5]. That is why, in recent years, a
comprehensive regulatory and legal framework has been formed in Ukraine, which laid the
conceptual and organizational foundations for ensuring the energy efficiency of buildings.

Analysis of recent research and publications. The issue of legal support for the energy
efficiency of buildings was studied by domestic scientists A. Kalensky and T. Gerlyand, who rightly
note that these issues are among the leading ones in the context of the law of sustainable
development of our time [5]. Policy and regulatory updates have created clearer institutional
requirements for minimum performance, certification, and management practices in buildings.
However, it should be noted that official guidelines explicitly highlight methodological and
procedural challenges that, if not addressed, will make regulations ineffective [6, 7]. O.0O. Kravchuk
critically assessed certain provisions of the legislative changes, in particular the premature
introduction of administrative liability for unforeseen consequences of thermal modernization [8].
In modern Ukrainian scientific doctrine, we can find a similar position in the works of scientists
who note the need to verify the proportionality, legal certainty and predictability of the
consequences of sanctions, taking into account the real practice of law enforcement (S.B. Smereka,
S.M. Lifirenko) [9]. Technical aspects of energy certification were studied by V.I. Deshko, M.M.
Shovkalyuk, and Y.S. Kuzmina, who analyzed the database of energy efficiency certificates for
buildings in Ukraine [10]. A. Ryabikov draws attention to the sensitivity of class assignment to data
quality and accepted assumptions of the methods, which requires validation of models on real
consumption and greater transparency of calculations [11]. Also noteworthy is the empirical study
by S. Kovtun, O. Dekusha, and A. Ryabikov, who consider the quality of the initial parameters and
the reproducibility of the methods, in particular in connection with audits and the tightness of
enclosing structures [12]. Comparisons with European benchmarks for the building sector
demonstrate that achieving target trajectories without synchronizing norm-setting, data and
monitoring, reporting and verification (MRV) procedures appear problematic. Consequently, the
national policy focus should shift from declarations to proven efficiency instruments. At the same
time, there is a lack of comprehensive research that reveals the theoretical and legal foundations of
the formation of the concept of energy efficiency of buildings in national legislation. An unsolved
part of the problem remains the analysis of the evolution of the conceptual apparatus, the
systematization of legal mechanisms and the assessment of the effectiveness of their practical
implementation in the context of the implementation of European standards.

The purpose of the study is to conduct a comprehensive analysis of the regulatory and legal
conceptualization of energy efficiency in buildings in Ukraine and to identify the features of its
formation in the context of European integration. Achieving the goal requires the following tasks:

* analyze the evolution of the conceptual apparatus of energy efficiency of buildings in
national legislation;

* investigate the system of basic legislative acts and their innovations in the field of energy
efficiency of buildings;

* characterize the legal mechanisms for ensuring energy efficiency (certification, energy audit,
minimum requirements);

 analyze secondary legislation and technical standards as elements of a comprehensive
system;

» assess the practical effectiveness of legal mechanisms for stimulating energy efficiency of
buildings.

Materials and research methods. The research was carried out on the basis of an analysis of
the national legislation of Ukraine in the field of energy efficiency of buildings, including laws, by-
laws, technical regulations and standards. Official reports of the Energy Efficiency Fund, statistical
data on the implementation of thermal modernization programs, as well as scientific publications of
domestic and foreign researchers were used. The methodological basis is the methods of
comparative legal analysis for comparing Ukrainian norms with European directives, the systemic
method for studying the relationships between different levels of legal regulation, the historical and
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legal method for analyzing the evolution of the conceptual apparatus, as well as empirical analysis
for assessing the practical effectiveness of legal mechanisms based on actual energy saving
indicators after the implementation of energy efficiency measures.

Research results. The regulatory and legal conceptualization of energy efficiency of
buildings begins with the definition of basic terms in the legislation. Energy efficiency in modern
Ukrainian law is interpreted as a quantitative indicator of the ratio of the result (work, service,
product or energy at the output) to the energy consumed at the input. This definition is enshrined in
Art. 1 of the Law of Ukraine dated 21.10.2021 No. 1818-1X "On Energy Efficiency" (hereinafter
referred to as the Law on Energy Efficiency) and corresponds to EU approaches focused on the
optimal ratio of energy consumption and useful result [6].

At the same time, the special concept of "energy efficiency of a building" is formulated in the
relevant law in the field of construction. In accordance with the provisions of Part 1, Article 1 of the
Law of Ukraine dated 22.06.2017 No. 2118-VIII "On Energy Efficiency of Buildings" (hereinafter
referred to as the Law on Energy Efficiency of Buildings), the energy efficiency of a building is
defined as "a property of a building characterized by the amount of energy required to create proper
living conditions and/or life activities of people in such a building” [7]. In other words, it is an
integral indicator of the quality of a building in terms of energy consumption to ensure a
comfortable environment.

For the sake of completeness of the conceptual apparatus, the Law on Energy Efficiency of
Buildings introduces a number of related terms. In particular, the legislative level establishes the
definition of a building with a near-zero energy consumption level — that is, a building whose
energy efficiency exceeds the minimum established requirements and which uses energy from
renewable sources to a significant extent. The aforementioned concept implements the European
concept of nearly zero-energy building (NZEB) and sets a benchmark for the future development of
the industry. The law also defines the energy certificate of a building as a document of a prescribed
form that reflects the indicators and class of the building’s energy efficiency and contains
recommendations for their improvement. The concept of minimum requirements for energy
efficiency or a set of regulatory indicators for buildings and their engineering systems, the
implementation of which ensures an acceptable level of energy consumption, deserves special
attention [7]. Thus, it can be argued that at the legislative level, criteria and indicators are clearly
formulated through which the concept of energy efficiency of buildings is revealed.

It is worth noting the evolution of the state's approaches. For example, if the previous Law of
Ukraine "On Energy Saving" of 1994 focused on the rational use and economical consumption of
fuel and energy resources (the term "energy saving" was defined as an activity aimed at saving
energy) [13], then modern legislation has moved to the term "energy efficiency”, the meaning of
which focuses more on the final useful result from the energy consumed. This change in concept
reflects a shift from quantitative consumption limitation (“savings") to improving the quality of
energy use (“efficiency™). In our opinion, the transformation of focus is justified, because it is
precisely increasing energy efficiency, and not just energy savings, that can ensure long-term energy
consumption reduction without compromising comfort and development.

It should be noted that the modern system of regulatory legal acts in the field of energy
efficiency of buildings is formed primarily by two basic laws. The first is the already mentioned
Law on Energy Efficiency of Buildings of 2017, which came into force in July 2018. It defined the
legal, socio-economic and organizational principles of activities in the field of ensuring the energy
efficiency of buildings and was aimed at reducing energy consumption in buildings. Simply put, the
adoption of the law laid the foundation for the legal regulation of relations related to the assessment
of the energy efficiency of buildings, the establishment of standards and the implementation of
measures to increase the energy efficiency of existing and new buildings.

The main innovations of the Law on Energy Efficiency of Buildings were the introduction of a
system of mandatory energy certification of buildings and energy audits. According to Part 1 of Article 7
of the Law, energy certification is mandatory for a number of categories of objects, in particular:
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» for newly built buildings (or those undergoing reconstruction or major renovation) of
significant and medium impact class (CC2, CC3);

« for state-owned buildings with a heated area of over 250 m?, which are frequently visited
by citizens and which house state authorities;

« for buildings of local government bodies with a heated area of over 250 m? (in case of
thermal modernization);

» for buildings that are thermally modernized with state support (provided that the result is
not lower than the established minimum energy efficiency class) [7].

Thus, the legislator has determined that the most significant public sector buildings and new
projects are subject to mandatory control of their energy performance. In other cases, certification is
carried out voluntarily by the owner's decision, but in the event of the sale or lease of a building, the
owner is obliged to provide the potential buyer with information about the availability of an energy
certificate. The certificate contains the energy efficiency class assigned to the building (from A to
G) and recommendations for improving efficiency, which strengthens the motivation for energy
modernization [10].

The Law on Energy Efficiency of Buildings also established requirements for energy audits.
Energy certification is actually a separate type of energy audit of a building, which is carried out by
independent certified energy auditors. In addition, regular inspections of heating and air
conditioning systems in buildings are provided for, the results of which are recorded in reports with
recommendations (the so-called energy audit of engineering systems). Liability has been introduced
for failure to comply with these requirements. In accordance with the provisions of Art. 17 of the
Law, violation of the requirements for mandatory certification and failure to provide relevant
information entails sanctions provided for by the Code of Ukraine on Administrative Offenses
(hereinafter referred to as the Code of Administrative Offenses of Ukraine). In particular, in 2017,
Art. 96-2 was added to the Code of Administrative Offenses, which provides for a fine for failure to
place an extract from the energy certificate of a building in an accessible place or other violations in
the field of energy efficiency of buildings [14]. Thus, the state has created mechanisms to control
and encourage compliance with the requirements of the law.

It should be noted that the Law on Energy Efficiency of Buildings simultaneously amended
other acts in order to harmonize the legal field. In particular, as already noted, it supplemented the
Code of Administrative Offences of Ukraine with a new Article 96-2. However, scientists have
critically assessed certain provisions of these amendments. According to O.O. Kravchuk, it was
premature to introduce administrative liability of the customer of thermal modernization for
unforeseen consequences. In particular, the requirement of the Law to notify the energy supplier of
the expected reduction in energy/water consumption after thermal modernization and fines for
failure to comply with this requirement (new Article 96-2 of the Code of Administrative Offences)
are debatable. In his own work, the researcher proposed to exclude the aforementioned norm from
the Code altogether, since it is premature and insufficiently substantiated [8]. Along with O.O.
Kravchuk's position on the prematurity of certain obligations, Ukrainian authors also draw attention
to other challenges of practical law enforcement. The already mentioned S. B. Smereka and S. M.
Lifirenko, in particular, rightly point out that without procedural consistency of instruments (energy
management, certification, ESCO), the effects of the policy are not verified and "dissolve" at the
implementation stage [9]. Representative of the Volyn scientific community V.S. Hrachuk
emphasizes the need for legal certainty and compatibility with EU requirements to ensure
predictability [15].

A similar position can be found in P.V. Rekotov and V.L. Kovalenko, who rightly note that the
effectiveness of energy conservation/energy efficiency policy is determined by the creation of
norms and the coherence of organizational and legal mechanisms (market methods of regulation,
the introduction of program documents, technical regulation (technical regulations, DSTU, TU), the
implementation of self-regulation elements with delegated powers). In their own work, the authors
argue that without proper institutional capacity, standardization of procedures and resource/staffing,
new requirements are not converted into the expected result. For the building sector, this means the
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need to synchronize technical regulation (minimum requirements, methodologies), management
practices (energy management, MRV) and financial incentives (ESCO, etc.) so that the assessment
of effects has proper verifiability and legal certainty [16].

Considering the gradual development of the regulatory framework, it should be noted that no
less important act was the Law of Ukraine dated 08.06.2017 No. 2095-VIII "On the Energy
Efficiency Fund", adopted in a package with the previous one. In accordance with the provisions of
the Law, a new state institution was created — the Energy Efficiency Fund, the purpose of which is
to support the implementation of energy-efficient measures in buildings (primarily in the residential
sector) by financing thermal modernization projects. The Energy Efficiency Fund provides grants to
associations of co-owners of apartment buildings (OSBB) and other entities for insulation,
modernization of heating systems, installation of energy-saving equipment, etc. By applying to the
Fund's support programs, Ukrainian households received a financial incentive to increase the energy
efficiency of their buildings, which is an important component of national experience [17].

The next important stage was the adoption of the Framework Law on Energy Efficiency of
2021. It entered into force partially in 2022, and in full in 2023-2024, replacing the outdated Law
"On Energy Saving". It should be noted that the Law has a broader subject of regulation, going
beyond the construction industry, and establishes general rules for ensuring energy efficiency in the
production, transportation, distribution and consumption of energy. In the part concerning buildings,
Law No. 1818-1X supplemented and expanded the previous norms. In particular, it established a
requirement that state authorities and local governments can rent or purchase only those buildings
whose energy efficiency class is not lower than the minimum requirements. In our opinion, the
innovation stimulates the public sector to switch to energy-efficient premises. The law also
introduces mandatory implementation of energy management systems in government bodies, which
is implemented in practice through the creation of units or appointment of responsible persons
responsible for monitoring energy consumption and implementing energy efficiency measures.
Large enterprises are required to conduct an energy audit of their facilities every 4 years, which
indirectly affects commercial real estate (office and industrial buildings). It is important that the
Law also provides for the development of a National Action Plan for Energy Efficiency and the
creation of an information system for monitoring energy efficiency, which also covers the field of
buildings [6]. Thus, legal regulation goes beyond purely building codes and covers the full cycle of
energy efficiency management (standards, minimum requirements, energy management, regular
audits, national planning). The combination of legal regulation with the use of an effective
monitoring information system allows for measurability and reporting, making the consequences of
the policy predictable and accountable.

It should be noted separately that the regulatory concept of energy efficiency of buildings also
includes by-laws and technical standards. At the by-law level, the specified strategic approach is
reflected in interrelated resolutions of the Cabinet of Ministers, orders of the central body in the
field of construction and technical standards, which set a transparent trajectory for construction
entities from measurement to verification of the results of thermal modernization. In accordance
with par. 1, clause 1 of the resolution of the Cabinet of Ministers of Ukraine dated 23.12.2021 No.
1460 "On the implementation of energy management systems”, state authorities and institutions
implement energy management systems with fixation of policies, roles and procedures for energy
monitoring, which creates an organizational framework for planning and controlling activities in
buildings [18].

In accordance with the provisions of the Order of the Ministry of Community and Territorial
Development of Ukraine dated October 27, 2020 No. 260 "On Approval of Minimum Requirements
for Energy Efficiency of Buildings"”, threshold values of energy efficiency indicators for building
envelopes and engineering systems have been established, which are subject to periodic review and
directly applied in design and operational documentation [19].

In addition, according to the orders of the Ministry of Regional Development, Construction and
Housing of Ukraine dated 11.07.2018 No. 169 "On approval of the Methodology for determining the
energy efficiency of buildings”, No. 171 "On approval of the Procedure for applying calculation
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elements of software for determining the energy efficiency of buildings”, No. 172 "On approval of the
Procedure for conducting energy efficiency certification and the form of an energy certificate" and No.
173 "On approval of the Methodology for inspecting building engineering systems"”, calculation
algorithms, software suitability criteria, certification procedure and instrumental inspections of systems
have been standardized, which makes it impossible to make technical conclusions arbitrary and
increases the reproducibility of results [20-23].

In accordance with the provisions of the order of the Ministry of Community and Territorial
Development of Ukraine dated October 28, 2024 No. 1196 "On approval of the Procedure for
monitoring the achievement of the energy saving target indicator in buildings of state authorities”,
an annual MRV cycle has been introduced with formulas for calculating the target achievement
indicator and a fixed list of typical measures with a regulatory effect, which translates monitoring
into the plane of mandatory management procedures for public buildings [24]. Also worth
mentioning are the Resolution of the Cabinet of Ministers of Ukraine dated 21.10.2015 No. 845
"On Approval of the Model Energy Service Agreement"” and the Law of Ukraine dated 09.04.2015
No. 327-VIII "On the Introduction of New Investment Opportunities, Guaranteeing the Rights and
Legitimate Interests of Business Entities for Large-Scale Energy Modernization", which establish
the legal model of ESCO contracting with the methods of the baseline level of consumption and
verification of the achieved result, which allows financing modernization without initial budget
investments [25, 26].

In accordance with the provisions of DBN V.1.2-11:2021 "Basic requirements for buildings and
structures. Energy saving and energy efficiency” and DBN V.2.6-31:2021 "Thermal insulation and
energy efficiency of buildings", the requirements for achieving target energy efficiency classes and the
methodology for thermal engineering calculations of enclosing structures, which are mandatory during
design, reconstruction and overhaul, are established [27, 28].

Additionally, in accordance with the provisions of the Resolution of the Cabinet of Ministers
of Ukraine dated December 29, 2021 No. 1803-r "On Approval of the National Energy Efficiency
Action Plan for the Period until 2030", public policy sets indicators and consumption reduction
trajectories for the construction sector, which are integrated into local energy plans [29]. In our
opinion, this combination of measurability through commercial accounting, management capacity
through energy management systems, and technical certainty through DBN and methodologies
forms a meaningful construct of "energy management as a right” in construction, reducing
regulatory uncertainty for the customer and designer.

The analysis of the above documents and scientific works gives the author reason to assert
that the regulatory and legal conceptualization of energy efficiency of buildings in Ukraine has
undergone intensive development over the past decade. Today, it can be stated that a modern
conceptual apparatus has been formed, harmonized with the European one (energy efficiency,
building class, minimum requirements, Nearly Zero Energy Building, etc.), and an institutional
infrastructure has been created (Energy Efficiency Fund, energy audit system, energy management,
state monitoring of indicators). The practical implementation of the energy efficiency concept is
already bringing results in the form of numerous thermal modernization projects. For example,
according to the official results of the Energy Efficiency Fund, within the framework of the
"Energodim" program in 2019-2024. hundreds of thermal modernization projects of apartment
buildings have already been implemented or partially completed; the average confirmed level of
energy savings after the measures is 31.3% (insulation of enclosing structures, installation of ITP,
modernization of engineering systems, etc.), which empirically fits into the typical ranges of 20—
50% for complex solutions. Detailed aggregated indicators (675 projects in progress, over 380
implemented; annual energy savings of =310 million kWh; reduction of CO: emissions of ~84
thousand tons/year) are provided in the FEE report on the five-year anniversary of the program [30].

Mandatory certification of public sector buildings revealed the real state of energy
consumption and stimulated the implementation of energy-saving measures in schools, hospitals,
and institutions. Thus, the Ukrainian experience of regulatory and legal support for energy
efficiency of buildings can be considered a successful example of how legislative initiatives are
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transformed into specific changes in the construction industry and housing and communal services.
At the same time, challenges remain, in particular, the need to ensure full implementation of the
adopted standards. In practice, far from all owners and managers of buildings conscientiously
comply with the requirements for certification or energy audit, so a more effective system of control
and incentives is needed. Sanctions for violations in the field of energy efficiency are still
infrequently applied, and therefore, the mechanisms for their implementation should be improved.
The issue of updating building standards is also relevant, technologies are developing rapidly, and
regulatory requirements require periodic revision (which, by the way, is foreseen, the Ministry of
Regional Development reviews the minimum requirements every 5 years) [31].

No less important is the further integration of Ukraine into the European Green Deal. The
implementation of updated EU requirements is expected, in particular, regarding the complete
decarbonization of buildings by 2050, the introduction of even more ambitious standards (for
example, class AO - buildings with a zero energy balance). The legislative framework will develop
in accordance with these goals, providing legal instruments to achieve them.

Conclusions. The regulatory and legal conceptualization of energy efficiency in buildings in
Ukraine currently includes clear definitions of basic concepts and a set of legal mechanisms for the
practical implementation of energy efficiency policy. Requirements for buildings at all stages of the
life cycle have been established (through building codes, energy certification, energy audit and
monitoring). European approaches have been integrated into national legislation, which is
confirmed by the consistency of Ukrainian norms with EU directives. The state has taken a course
towards a systematic reduction in energy consumption in buildings by legally regulating the
minimum permissible indicators and stimulating an increase in the energy efficiency class of each
building.

Thus, we can speak of a legal concept of energy efficiency in buildings formed in Ukraine,
which is based on the priority of rational use of energy without loss of comfort and functionality of
buildings. The aforementioned concept serves as an important element of the strategy of sustainable
development and energy security of the state. Further improvement of legislation in this area, taking
into account scientific recommendations and European experience, will contribute to achieving the
set goals (reducing energy consumption, financial savings for citizens and improving the
environmental quality of the architectural environment). In summary, the regulatory concept of
energy efficiency of buildings in Ukraine meets modern challenges and forms the basis for future
generations of energy-saving and comfortable buildings.

Prospects for further research. In our opinion, the following are relevant areas for future
scientific exploration:

« empirical validation of the relationship between energy efficiency requirements and actual
consumption indicators in different types of buildings;

» comparative legal analysis of the implementation of the updated EU Buildings Directive
(EPBD recast) in the part of nZEB/zero-emission buildings and its adaptation to Ukrainian realities;

+ assessment of the effectiveness of MRV procedures and data standards for energy
certification (including the quality of input parameters and reproducibility of methodologies);

« study of the proportionality of administrative obligations and incentives (in particular for
the public sector) through the prism of law enforcement practice;

* legal models of financing deep thermal modernization (ESCO, "green" banking, municipal
instruments) and risk sharing between participants.

In our opinion, the institutional capacity of local governments to implement energy
management and integrate local energy plans with the National Energy Efficiency Action Plan
requires separate study.
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AHoranifa. CrarTs MNOpUCBAYEHA KOMILIEKCHOMY JIOCHIDKEHHIO HOPMAaTHBHO-TIPABOBOI
KOHIIEeTITyasi3amii eHeproe()eKTUBHOCTI OyaiBenh B YKpaiHi B KOHTEKCTI IMIUIEMEHTAIlii
€BPOMNEHCHKUX CTaHAApPTIB Ta (OpMyBaHHS HAIlOHAJIBHOI CHUCTEMHU IPABOBOIO PEryJIIOBAHHS.
[IpoananizoBaHO €BOJIONII0 TOHATIMHOTO amapary Big TepMmiHy '"eHepro3oepekeHHs" [0
"eHeproeeKTUBHICTB", IO BioOpa)kae Mepexin BiJg KUIbKICHOTO OOMEKEHHS CIIO)KHWBAaHHS IO
MIJBUIIICHHAS SKOCTI BHUKOPHCTAaHHA eHeprii BignmosimHo no Bumor [upexrtuu 2010/31/€C mpo
eHepreTHyHl XapaktepucTtuku OymiBenb Ta JupektuBu 2012/27/€C mpo eHeproePeKTUBHICTb.
Hocaimxeno 0a30Bi 3aKOHOAABYI aKTH, 30kpeMa 3akoH Ykpainu "[Ipo enepreTnuHy e(peKTHBHICTH
oymiBenb", 3akoH VYkpainu "I[Ipo eHepretmuHy edekTuBHICTH" Ta cTBOpeHHs DoHmay
€HEeproeeKTUBHOCTI K IHCTHTYLIHHOTO MEXaHI3My MiATPUMKU TEPMOMOJEpPHi3alii KUTIOBUX
OynIuHKIB 13 3arajgpbHUM (iHAHCYBaHHSAM IOHAJ 2 MIIpA TpH. BHU3HAYeHO OCHOBHI TMPaBOBI
IHCTpYMEHTH DETYJIIOBaHHS: CHCTEMY OOOB'A3KOBOi eHepreTudHoi ceprudikamii OyiBensb,
E€HeproayJauT, MiHIMAJIbHI BUMOTH JI0 €HEproeeKTHBHOCTI HOBOOYJIOB Ta KOHIEIIIIIO Oy/IiBelb 3
ONMU3BKUM JI0 HYJHOBOTO PIBHEM CIOXKUBAHHS €Heprii. 3MiHCHEHO aHali3 MiJA3aKOHHUX aKTiB Ta
TEXHIYHUX CTAHJAPTiB, M0 (OPMYIOTh KOMIUIEKCHY CHUCTEMY DPETYIIOBaHHS BiJl MPOEKTYBAaHHS [0
eKcrutyatanii OyaiBenb, BKIIOYAIOYM METOIMKU PO3PaxXyHKy EHEPreTMYHHX XapaKTepHCTUK Ta
kiacugikaiilo eHeproeekTUBHOCTI. BcTaHOBIEHO, 10 YKpaiHChKE 3aKOHOJABCTBO YCIIIIHO
IHTEerpy€e €BpONEHChKI MiAXO0IU, CTBOPIOIOYM IPABOBI OCHOBHM [UII CHUCTEMHOTO 3MEHIICHHS
€HEepProCIOKUBaHHS y OyHIBISIX Ta JOCSTHEHHS KimiMmarndHux niied no 2050 poky. [Ipaktuuna
peastizailiss KOHILIENITY JEMOHCTpPY€ MO3UTHUBHI pesyinsraru y mepion 2018-2023 pokis. Cepenniii
piBeHb €KOHOMIi eHeprii micisg TepMoMoJepHi3amii craHoBUTh 31,3%, 1m0 miATBEpAXKYE
e(EeKTUBHICTh IPABOBUX MEXaHI3MIB CTUMYJIIOBaHHS €HEpProeeKTMBHOCTI Ta HEOOXiJHICTh
MOJAJTBIIIOTO BJIOCKOHAJICHHS PETYIIATOPHOI 0a3H.
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Abstract. The operational properties of composite materials are largely determined by the
processes that occur at the beginning of their structure formation. Volumetric changes and plastic
strength are considered as informative indicators reflecting the processes of structure formation and
adaptation of lime restoration composites (plaster compositions) in the early stages of hardening. It is
shown that these characteristics are sensitive to changes in the internal structure of the material, in
particular to the coagulation of dispersed particles, the development of interphase contacts, and the
formation of a spatially connected composite structure. The results demonstrate that volumetric changes
and plastic strength reflect different but interrelated aspects of a single process-the formation of the
internal structure of the composite and therefore can be considered as complementary indicators of
structural evolution. The correlation between these indicators determines the ability of the restoration
mortar to adapt to the deformation and moisture exchange characteristics of the porous limestone base
without accumulating critical internal stresses. Based on experimental data, regression models and
graphical dependencies were constructed, which clearly reflect the influence of composition on the
nature of volumetric deformations and the kinetics of plastic strength growth. The obtained isosurfaces
and time curves allow interpreting the change in properties through the dominance of certain mechanisms
of structure formation at different stages of hardening. It has been shown that varying the composition
of the composite allows for targeted control of the balance between deformability and the rate of increase
in structural cohesion, which is a key factor in the formation of a compatible and stable contact zone.
The results obtained confirm the possibility of using volumetric changes and plastic strength as a
methodological basis for predicting the behavior of restoration mortars and adaptation processes in the
"restoration mortar — base material™ system and for designing plaster compositions focused on long-term
compatibility and preservation of historic shell limestone buildings.

Keywords: structure formation, volumetric deformations, plastic strength, composite materials,
adaptation, lime mortar, restoration composites.

Introduction. When carrying out restoration work on historic buildings made of shell limestone,
an important stage is the design of plaster restoration composites. Along with the use of modern
innovative materials for finishing and restoring shell limestone buildings, traditional lime mortars with
fillers and additives remain relevant. The use of such composites ensures maximum compatibility in
terms of vapor permeability and mechanical properties of the materials used with the base, which allows
preserving the natural moisture exchange regime and maximum authenticity of the structure.

When researching lime composites with the aim of obtaining materials with the appropriate
level of operational properties, dependencies of the "composition-technology-property™ type are
traditionally used, in which the main focus is on the quantitative content of individual components
and the technology for obtaining materials. At the same time, as a rule, the internal organization of
the material is not taken into account, the reasons for synergistic or antagonistic effects when
combining components are not explained, and the empirical models obtained are poorly suited for
analyzing the temporal evolution of properties. As a result, their predictive ability is limited, and the
connection with the physical nature of the observed phenomena remains indirect. Overcoming these
limitations requires a transition from a purely compositional description to a thorough analysis of the
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structure-forming processes occurring in the material, with the aim of further targeted control of the
necessary operational properties. Thus, the study of the dynamic processes of structure formation in
composite materials is a highly relevant task.

The properties that can give an idea of the processes of structure formation in the studied
composites include volumetric deformations that occur during the hardening of restoration mortars
and the plastic strength kinetics. These properties are particularly important for predicting the
adaptive behavior of plaster mortars in the "plaster layer — shell limestone" system, as they ensure the
coordination of composite deformations with the deformation response of the porous carbonate base
and minimize internal stresses in the contact zone.

Thus, research and analysis of volumetric deformations and plastic strength in lime-based
restoration composites is an important task for obtaining materials with the necessary set of
operational properties and maximum compatibility with shell limestone.

Analysis of recent research and publications. When designing lime-based restoration
composite compositions, the main task is to ensure maximum compatibility between the mortars and
the base material [1, 2]. For porous carbonate rocks, such as shell limestone, compatibility is ensured
by the consistency of both physicochemical and mechanical properties, as well as structural indicators
and the formation of a mutually adapted "plaster layer — porous carbonate base" system [3-5].

The formation of the properties of composite building materials is inextricably linked to the
processes of structure formation, which unfold over time and cover a wide range of spatial scales [6-8].
In binding systems and composites based on them, it is the structure that arises and evolves during
the hardening process that determines the mechanical, deformation, and rheological characteristics of
the material, as well as the patterns of their temporal change. At the same time, the structure of the
material is not predetermined or static — it is the result of a complex non-equilibrium process of
growth, restructuring, and interaction of structural elements, which includes coagulation and
aggregation of particles, the formation of contact bonds, various interfaces and microcracks, the
development of clusters, and the transition to a coherent, percolation network [6-9].

Significant characteristics are not so much the specific values of the parameters of a fixed
structure at a given moment in time, but rather the ways in which they develop — that is, the processes
of structure formation. It is the evolution of the structure, rather than its final state, that is more closely
related to the general laws of physics, chemistry, and geometry of the processes occurring in
composite materials [6, 9]. An essential aspect of such a structure-oriented approach is to consider
structure formation processes not as the independent growth of individual subsystems, but as their
mutual adaptation and restructuring. In this context, it is appropriate to use the concept of adaptation
of composite components to each other [10], which manifests itself in the emergence of cooperative
effects, changes in the kinetics of structure formation, and the formation of an effective structure
whose properties cannot be reduced to the simple sum of the properties of individual components.

The integral-structural properties that determine the dynamics of structural processes include,
for example, volumetric changes in the hardening composite and plastic strength. Plastic strength
characterizes the emergence and development of the structural network, while volumetric changes
reflect its compaction and reduction in free volume. Despite the difference in physical nature, both
properties are determined by a single process of structure formation.

The objective processes that occur during the formation of the structure of filled composite
materials cause a change in the volume of both local areas and the volume of the entire system as a whole.
When filler particles are introduced into the matrix material of the binder, processes occur that lead to the
formation of structural aggregates — clusters. Also, a layer appears on the surface of the fillers, the structure
and properties of which differ from the properties of the composite in volume and depend to a large extent
on the structure of the filler surface. As a result of such processes of forming the structure of building
composites, density fluctuations occur, leading to volumetric deformations of the hardening composite
mortar [11]. The uneven spatial distribution of structural elements causes local stresses, which in the early
stages of hardening can partially relax due to plastic deformations, and with the subsequent increase in
the rigidity of the system, are fixed in the form of shrinkage deformations. Thus, the nature and magnitude
of volumetric changes are determined not only by the phase composition of the composite [12], but also
by the kinetics of structure formation and the interaction between the matrix and the surface of the fillers.
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The plastic strength of composite binder systems in the early stages of hardening is an integral
characteristic that reflects the formation of a load-bearing structural network capable of transferring
stress in the mode of irreversible deformation [13-15]. Unlike fracture strength, which is determined by
the ultimate stability of the formed contacts, plastic strength is formed in the process of gradual structure
formation and is sensitive to the topology, connectivity, and heterogeneity of the growing network.

Physical plastic deformation in composites as systems corresponds to the collective
rearrangement of contacts between structural elements — binder particles, hydration products, additive
particles, filler grains, and their aggregates. Therefore, plastic strength is not an instantaneous value,
but develops over time as a result of a relaxation process associated with the growth and
rearrangement of the cluster-network system.

The change in the plastic strength of plaster composites over time reflects a complex multistage
process of internal material structure formation, which includes the coagulation of dispersed particles,
the formation of contacts between solid phases, and the gradual transition of the system from a
viscoplastic to a shear-deformation state [13, 14, 16, 17]. In the early stages of hardening, plastic
strength is determined mainly by physical interparticle interactions caused by van der Waals forces,
electrostatic and capillary effects, which form a coagulation structure with reversible contacts. In this
case, shear resistance arises from the cumulative effect of a large number of weak bonds, and plastic
strength can be described within the framework of the classical Bingham rheological model [17, 18],
where the yield stress t is identified with the plastic strength of the material (1):

=R, +ny, (1)
where Ryl — plastic strength (ultimate shear stress), Pa; # — plastic viscosity, Pa-s; y — shear rate, s,

As the material hardens, the Rpi value increases, reflecting an increase in the degree of structural
cohesion of the system.

Further development of plastic strength is associated with the transition from a purely
coagulation structure to a coagulation-crystallization structure, when, along with physical contacts,
more stable chemical and physicochemical bonds appear, caused by the processes of hydration of
binding components, sorption interactions of dispersed particles, and gradual crystallization of
hardening products. From the point of view of physically-chemical mechanics [16], the increase in
plastic strength during this period may be associated with an increase in the number of contacts
between particles and their average strength, which is generally described by the relationship (2):

R, =k-n-F, 2)
where n — the number of effective contacts per unit volume, m3; Fc — the average interparticle
interaction force, N; k — the geometric coefficient.

Thus, plastic strength increases both as a result of structure densification (increase in n) and as
a result of qualitative evolution of the contacts themselves (increase in Fc).

In terms of time, plastic strength is not a constant material characteristic, but rather an integral
parameter that reflects the current state of the material's structure formation. Its Kinetics are
determined not only by the speed of chemical or physicochemical reactions, but also by the
consistency of geometric and mechanical connections between the components of the composition,
the degree of formation of a spatially connected framework, and the ability of the system to
redistribute deformations [19, 20]. That is why plastic strength is a sensitive indicator of the early
hardening of plaster composites and allows a quantitative assessment of the transition of the material
from a rheologically controlled state to a structurally stabilized one, which is of fundamental
importance for the technological and operational reliability of plaster and restoration systems.

Thus, by analyzing the volumetric changes and plastic strength of restoration lime composites,
it is possible not only to quantitatively assess the intensity of early structure formation processes, but
also to predict the adaptive behavior of the material in the "plaster layer — stone base™ system. A
combined consideration of these two characteristics allows us to determine the extent to which the
formed structure of the composite is capable of coordinating its own deformations with the
deformation response of the shell limestone base, which is characterized by increased porosity,
anisotropy, and sensitivity to moisture exchange processes.

Volumetric deformations occurring in the early stages of hardening determine the level of
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internal stresses in the plaster layer and in the contact zone with the base. Excessive volume changes
in conditions where the structure is not yet sufficiently formed can lead to local stress concentration,
disruption of adhesive bonds, and the initiation of microcracks in the surface layers of shell limestone.
At the same time, the development of plastic strength characterizes the material's ability to relax these
stresses through creep and redistribution of deformations without losing the integrity of the layer.
That is why plastic strength at a fixed moment of early hardening is an indicator of whether the system
is transitioning from a deformation-unstable state to an adapted, structurally bound mode of operation.

Thus, a comprehensive analysis of volumetric deformations and plastic strength allows us to
predict not only the early kinetics of hardening, but also the long-term operational behavior of the
restoration material in contact with historic masonry. This is fundamentally important when designing
compositions for the restoration and renovation of shell limestone buildings, as it ensures the
formation of an adaptive, compatible, and structurally stable "plaster — base" system capable of
functioning without accumulating destructive stresses during operation.

Purpose of the work is to research into the kinetics of volumetric deformations and plastic
strength of lime-based restoration composites in order to identify patterns of early structure formation
and adaptation and to predict the compatibility of composite materials with porous limestone bases.

Materials and methods of research. The composite material under study is intended for use
as a plastering mortar in conservation and restoration works. The main components of the studied
mortar are air lime, Portland cement, clay additive (kaolin clay), quartz sand, and crushed limestone
(specific surface area 3000 cm?/g) as a structurally compatible filler. The quantitative ratios and levels
of variation of the composition factors in the planned experiment according to a 15-run experimental
design are shown in Table 1.

Table 1 — Factors of the planned experiment and their levels of variation

Ne Factors Coded values Values, %

h Min | Center | Max | Min | Center | Max
X1 'tl)'it:% ecrcs)ntent of cement in the total mixture of 1 0 1 50 | 10% | 15 %
X2 | The content of clay in the total mixture of binders | -1 0 1 5% | 75% | 10%
X3 | The content of ground limestone in the filler -1 0 1 0% | 37,5% | 75 %

We monitored the volumetric deformations of hardening compositions and changes in plastic
strength over time.

Volumetric deformations were determined using a specially designed device, the diagram of
which is shown in Fig. 1.

Ll

\
Y'Yy y 'y
nsisjzjuas
Fig. 1. Device for determining volume changes in hardening mortars:
1 —stand; 2 — colored liquid; 3 — pipette; 4 — container for mortar; 5 — rubber tip; 6 — hardening mortar

Volumetric changes were calculated using the formula (3):

AV
AV = —P%€ 100%), ©)

mortar
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where Vimortar — the volume of the mortar, mm?; AVpipete — the difference in volume values of the colored
liquid, mmd (4):
AV

The plastic strength was determined using the Rebinder method with a conical plastometer, Fig. 2.

=V

pipette pipette ., _Vpipette ' (4)

1

L -

Fig. 2. Rebinder's conical plastometer: 1 — metal cone; 2 — lever (rocker arm);
3 —indicator; 4 —ruler; 5 — clamp; 6 — tray; 7 — lever suspension point; 8 — stand,;
9 — counterweight; 10 — movable table; 11 — base plate; 12 — bolt; 13 — set of weights

Research results. Let us consider the processes of structure formation in the studied lime
composites that contribute to the formation of volumetric deformations. Volumetric changes in
hardening mortars in the studied time interval are characterized by monotonic negative deformation
and therefore can be further considered as contraction.

Volumetric changes (contraction) in a hardening plaster restoration compound based on lime
with a small addition of cement, clay, and a combined filler (sand + crushed shell limestone) are the
result of the combined action of physicochemical and structural-mechanical processes occurring at
different scale levels — from the nanopores of the binder matrix to the structure of the intermediate
scale level of the filled composite. Contraction is formed as an integral effect of the restructuring of
the solid phase, pore space, and interphase interfaces and microcracks during hardening and drying.
In the early stages of structure formation, the formation of a spatial network of contacts between the
particles of the lime binder and the products of cement hydration plays a decisive role.

Hydrated lime Ca(OH)2 forms a dispersed colloidal system in which the initial contraction is
caused by particle coagulation and compaction of flocculated aggregates. This process can be
described by the decrease in gel volume Vg over time t (5):

e, ()= 0V )
Vo
where Vg — the initial volume of the gel phase.

The addition of a small amount of cement leads to the formation of calcium hydrosilicates
(C-S-H), which have significantly higher specific surface energy and self-compacting properties. The
chemical shrinkage of the cement component can be expressed by the difference in the molar volumes
of the reactants and hydration products (6):

ZVV prod Z Vreact
Z Vreact ! (6)

8ch =

where vi, vj — stoichiometric coefficients; ViP?, V; reac‘ — molar volumes of the corresponding phases.
The further drying and carbonization of lime is accompanied by the development of capillary
stresses Pc in pores with radius r, the magnitude of which is described by the Kelvin—Laplace
equation (7):
PCZ_ZJ/COSH’ )
r
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where y — the surface tension of a porous fluid; @ — contact angle of wetting.
The integration of capillary stresses according to the distribution of pores by size causes
macroscopic shrinkage deformation (8):

1 rma)(
Coap = K -[r- Pc(r) f(r),dr, (8)
ef_f min

where Kesf — the effective volumetric modulus; f(r) — function of pore size distribution by radius.

Clay, introduced in small quantities, performs a dual role. On the one hand, its lamellar particles
adsorb water and increase the initial volume of the gel phase; on the other hand, during drying,
interlayer convergence occurs, accompanied by additional contraction. This contribution can be
described as sorption-induced deformation (9):

£y =Ky AW, )

where Aw — the change in the content of bound water; ke — the sorption deformation coefficient of clay.

The combined filler forms the structure of the intermediate scale composite and determines the
nature of the interphase transition zone. Quartz sand is inert and limits volume reduction due to its
mechanical framework, while porous shell limestone is partially involved in moisture exchange and
locally enhances capillary effects. The total shrinkage of the filled composite can be approximated
by the following model, taking into account the stiffness of the phases (10):

K
St = &m > , (10)
Km + Kf¢f

where ¢, — the matrix shrinkage; Km i Kr — the bulk modulus of the matrix and filler; ¢, — the

volumetric fraction of filler.

An important mechanism is the formation of density fluctuations in the transition zone "binding
agent — filler". Here, due to differences in the rate of hydration, carbonization, and drying, local
deformation gradients arise, which, when integrated over volume, cause macroscopic contraction and
internal stresses. It is these stresses that determine the tendency of the restoration composition to
microcracking or, conversely, to relaxation due to the creep of the lime matrix.

The effect of ground shell limestone on the volume changes of hardening lime-cement
composites is multicomponent and depends on its dispersibility, porosity, and mechanical
compatibility with the lime matrix. On the one hand, the introduction of finely dispersed limestone
reduces the effective proportion of the binder phase per unit volume of the composite, which leads to
a decrease in chemical and gel shrinkage (11):

Sett = Em (1_¢ﬁim)’ (ll)
where ¢, — volume fraction of ground shell limestone.

On the other hand, the high specific surface area and open porosity of shell limestone particles
contribute to moisture redistribution in the system. Some of the water accumulates in the pores of the
filler and is gradually released during the hardening process, which reduces moisture gradients and
the intensity of capillary shrinkage. This leads to a reduction in maximum capillary stresses. At the
same time, the microporous structure of ground shell limestone is partially involved in sorption-type
deformations, but these deformations are dispersed and do not form local stress concentrators. At the
intermediate scale, shell limestone acts as a "deformation damper™, reducing the total internal stresses
ored IN the transition zone "binding agent — filler” (12):

Ored = Op (1_ ¢Iim J’ (12)
Eeff

where oo — the initial stresses in the matrix; Eett — the effective modulus of the composite, reduced

due to the porous filler.

Thus, volumetric deformations of hardening lime-cement restoration composition are the result
of the formation of structural aggregates of dispersed particles, chemical shrinkage of hydration and
carbonation reactions, capillary shrinkage during water removal, sorption deformations of clay, and
structural-mechanical interaction with a combined filler. An adequate description of volumetric

102 ISSN 2786-6696 Modern construction and architecture, 2026, no. 15, page 97-108




BUILDING MATERIALS AND TECHNIQUES

deformations is possible only on the basis of multilevel models of structure formation.

The formation of plastic strength in lime-based plaster restoration composites with a small addition
of cement, clay, and combined filler reflects the formation of the internal load-bearing structure of the
material in the early stages of hardening. In terms of time, plastic strength characterizes the transition of
the system from a viscous-plastic, rheologically active state to a shear-deformation state, in which the
ability to perceive and transmit mechanical stresses without loss of integrity is formed.

The main binder in the system is lime, which forms the initial dispersed medium with high
water retention capacity and ensures the prolonged plastic state of the composition. In the first hours
after mixing, the plastic strength of such mortars is determined mainly by the coagulation structure
that arises as a result of physical contacts between particles of calcium hydroxide, clay minerals, and
finely dispersed filler components. That is, in the initial stages of hardening, the lime binder forms a
dispersed colloidal system. The increase in plastic strength at this stage can be described by a
generalized kinetic relationship (13):

Ry () =Ryo+A-t", (13)

where Rpio — the initial value of plastic strength; A — the structural-kinetic coefficient; n<l — a
parameter that reflects the coagulation nature of structure formation.

The introduction of cement in an amount of 5-15% of the total binder component mass causes
the activation of early structure formation processes due to the hydration of clinker minerals,
primarily CsA, and surface hydration of CsS. The products of these reactions in the early stages are
local in nature and do not form a solid rigid framework, but they significantly increase the number
and strength of contacts between the solid phases. This manifests itself in an increase in plastic
strength already in the first hours of hardening, while maintaining sufficient deformability of the
system. Thus, cement in the studied compositions acts as a structure-forming additive that controls
the rate of transition of the material from a viscous-plastic to a shear-deformation state.

The introduction of a small amount of cement leads to the formation of local rigid nodes due to
early hydration products, which reduce contact reversibility and increase the effective shear modulus
of the structure. In this case, plastic strength correlates with an increase in contact density (14):

R, =k-z-f,, (14)
where z — the coordination number of contacts; fcont — the average force of interparticle interaction.

Clay, added in an amount of 5-10% of the binder mass, significantly affects the formation of
plastic strength due to its high specific surface area, sorption capacity, and interlayer interactions.
Clay particles retain water in an adsorbed state, reduce its migration rate, and contribute to the
stabilization of the coagulation structure. This can ensure a smoother and more controlled increase in
plastic strength over time, reducing the risk of sudden deformations and local failures in the plastic
state. At the same time, excessive clay content can lead to an increase in water demand and a certain
slowdown in the formation of a structurally bound framework, which is reflected in a shift of the
maximum rate of plastic strength growth to later stages.

Ground shell limestone with a specific surface area of approximately 3000 m?/kg in restoration
plaster composites not only acts as an inert filler, but is also an active structure-forming component in
the early stages of hardening. Its effect on plastic strength is realized mainly through physical-mechanical
and geometric mechanisms, rather than through chemical activity in the classical sense. Due to their high
dispersibility and developed surface, ground limestone particles are actively involved in the formation
of the coagulation structure of the lime matrix. In the early stages of hardening, they act as centers of
adsorption of Ca(OH):2 colloidal particles, contributing to an increase in the density of contacts in the
structural network. In simplified terms, the contribution of ground limestone to plastic strength can be
described by an increase in the coordination number of contacts (15):

Roiim = Roio +K-AZp, - f (15)
where Aziim — the increase in the number of contacts caused by the presence of dispersed limestone filler.

The porous microstructure of shell limestone ensures partial absorption of free water from the
liquid phase, which leads to a local decrease in water content in the interparticle space. This contributes
to early compaction of the structure and faster growth of plastic strength without the formation of a rigid
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crystalline framework. Thus, the growth of Rp occurs gradually, preserving the rheological
"performance” of the mortar, which is fundamentally important for restoration plastering works.

In addition, the chemical affinity of the calcite surface of ground limestone with lime
carbonation products reduces the energy heterogeneity of the interphase zone and ensures a smooth
transition from a coagulation to a contact-skeleton structure. As a result, plastic strength is formed
evenly, without sharp jumps, which reduces the risk of early structural cracking.

Thus, the plastic strength of the studied lime-cement-clay compositions is formed as an integral
result of coagulation processes, early cement hydration, sorption properties of clay, and the structure-
forming effect of finely dispersed carbonate filler. Its temporal development reflects a gradual
increase in the degree of structural cohesion of the material and can be considered as a quantitative
indicator of the mortar's readiness to perceive early deformations, which is fundamentally important
for the use of such compositions in restoration work on porous limestone bases.

The plastic strength curves can be interpreted as reflecting the scenario of composite structure
formation, in which different components do not simply add their properties, but interact, changing
the pace and nature of the formation of the load-bearing network. This interpretation allows us to link
the experimental plastic strength curves with the composition of the material and the physical content
of the structure formation processes.

Based on the results of the experimental research and determination of volumetric changes and
plastic strength over time during the hardening of restorative composites, experimental statistical
models were obtained in the form of second-order regression equations (16), (17):

AV =0,221+0,070x, —0,026x, +0,028x;, +0,025x,x, +0,027x2, (16)
Ry =95,2+19,9x, +5,5x, +12, 4x, ~ 7,637 —4,6x —7,1xZ +0,9x,x, +1, 9., . (17)

It should be noted that the fixed values of volumetric changes on which the model is based
correspond to the maximum contraction of composite mortars, and the values of plastic strength used
in modeling corresponded to 10 hours from the start of hardening. This time interval for determining
the fixed value of plastic strength is due to the fact that 10 hours is the moment when plastic shrinkage
is almost complete, the structure is already capable of perceiving its own deformations, transferring
stress to the base (important for plaster mortar), not collapsing during drying, but the material has not
yet become brittle. It is during this period that the "plaster- shell limestone™ contact zone is formed,
which determines the durability of the restoration system as a whole. In other words, this is the
optimal balance between adhesion, deformability, and crack resistance.

The graphical representation of the constructed models is shown in Fig. 3.

The regression models of volumetric deformations and plastic strength obtained reflect different
but interrelated aspects of the structure formation process of lime-cement-clay plaster composites.

The volumetric deformation model has a relatively simple structure and is described by linear
effects of factors and a limited number of nonlinear terms. A positive coefficient for cement content
(b1 = +0.070) indicates that an increase in the cement fraction intensifies the total contraction, which
is a physically justified consequence of the chemical shrinkage of hydration products and an increase
in capillary stresses in the early stages of hardening. The negative coefficient for clay (b2 = —0.026)
indicates its partial compensatory role due to its sorption capacity and increased deformability of the
coagulation structure. The positive contribution of ground shell limestone (bs = +0.028) and the
quadratic term bs3>0 reflect its participation in moisture exchange and the development of capillary
shrinkage due to its porous structure, as well as an increase in shrinkage at high concentrations. The
interaction of cement and clay (bi2 = +0.025) confirms that their joint presence leads to a more
intensive restructuring of the microstructure than the action of each component separately.

The plastic strength model is nonlinear, which corresponds to the nature of this property as an
integral characteristic of the degree of structural cohesion of the material. Positive linear coefficients
for cement (b1 = +19.9), clay (b2 = +5.5), and ground shell limestone (b2 = +12.4) indicate their
contribution to the formation of the load-bearing coagulation-frame structure. At the same time,
negative quadratic terms (bii, b2z, b33<0) indicate the presence of composition optimums: an
excessive amount of any of the components leads to structural oversaturation, disruption of contacts,
or an increase in internal stresses, which limits further growth in plastic strength. Positive cement-
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clay and cement-shell limestone interaction coefficients confirm the synergistic nature of these
combinations in the formation of early strength.

min av = 0.09% max av = 0.35% max rpl =110.95 kPa

37.5%

15%

5% 9%

min rpt = 34.91 kPa

X1 — The content of cement in the total mixture of binders
X2 — The content of clay in the total mixture of binders
X3 — The content of ground limestone in the filler

Fig. 3. Isosurfaces of models:
a — volumetric deformations (AV, %); b — plastic strength (Rpl, kPa)

A qualitative comparison of the two models shows that they describe different aspects of the same
process. Volumetric deformations mainly reflect the early restructuring of the pore space and gel phase
before the formation of the load-bearing framework, while plastic strength characterizes the ability of
the formed structure to resist shear. Therefore, common factors (primarily cement and ground shell
limestone) can increase both shrinkage and plastic strength, but not because of a direct causal relationship
between these properties, but because of their dependence on the intensity of structure formation.

For mortars of two compositions, graphs of changes in volumetric deformations and increases in
plastic strength were constructed (Figs. 4, 5). Mortar No. 3 has a composition (5% cement of the total
mass of the binder, 10% clay of the total mass of the binder, quartz sand as a filler without the addition
of ground limestone) that corresponds to the minimum contraction. Mortar No. 8 has a composition
(15% cement of the total mass of the binder, 10% clay of the total mass of the binder, complex filler —
25% sand and 75% ground limestone), which corresponds to the maximum plastic strength.

The maximum contraction rate is observed within 1-3 hours from the start of hardening, since
during this period the system does not yet have a formed load-bearing framework and is in a
rheologically active, "living" state. The main deformations develop under conditions of minimal
internal resistance of the structure, when volumetric changes are determined by physicochemical
processes of water redistribution and compaction of the dispersed system due to the formation of
structural aggregates. Capillary or plastic shrinkage, which occurs due to the formation of menisci in
macro- and mesopores and the appearance of capillary pressure, plays a significant role at this time.
With relatively large pore radii and the absence of a rigid structural grid, capillary pressure is not
compensated by the internal resistance of the material, so deformations develop at maximum speed.
At the same time, intensive compaction of the coagulation structure occurs: contacts between particles
are physical and reversible, particles are easily displaced, and so-called self-packing of the system
occurs, leading to a sharp decrease in volume at low values of plastic strength. At the same time,
water binding processes begin — surface hydration of cement minerals, sorption and interlayer
interactions in clay, dissolution of calcium hydroxide in lime components. However, these processes
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do not yet form a single spatially connected framework, but are local and unconnected in nature. It is
the combination of intense capillary phenomena, coagulation compaction, the formation of
aggregates of dispersed particles, and the absence of a supporting structure that causes the maximum
shrinkage rate to occur in the early interval of 1-3 hours of hardening.

Kinetics of volumetric Kinetics of plastic strength of
chanoes the mortar
0,15 g 200
F 150
o o
i. 0.1 ~ 100
2 0,05 & 50
0 0
T, minutes T, minutes

Fig. 4. Kinetics of volume changes and plastic strength of mortar No. 3
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changes the mortar
0,6 600
o ©
e 04 2 400
> —_
202 S 200
0 0
0 1000 2000 0 1000 2000
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Fig. 5. Kinetics of volume changes and plastic strength of mortar No. 8

The obtained kinetics of plastic strength growth has a characteristic three-stage form, reflecting
a sequential transition from a rheologically controlled state to the formation of a spatially bound
structural framework. The initial period (up to 2-3 hours) is characterized by low plastic strength
values with intense volume changes, while the subsequent increase in Rpi is accompanied by
stabilization of shrinkage. This confirms the feasibility of using plastic strength as an indicator of
early structure formation in lime-cement-clay compositions.

The second period (3—10 hours) is marked by accelerated growth of Rpi, indicating a transition
from a coagulation structure to a contact-scaffold structure. At this time, the intensity of shrinkage
decreases significantly, as the growing internal framework begins to resist capillary stresses. This is
a critical period for restoration mortars, as the balance between structural compaction and the ability
to relax internal stresses determines the further crack resistance of the material.

The third period (over 10 hours) is characterized by stabilization of Rp growth rates and
virtually complete shrinkage. The structure acquires the properties of a frame system with
predominantly irreversible contacts, and further strength growth occurs due to chemical processes —
cement hydration and slow lime carbonation.

Analysis of the graphs shows that mortar 3 with minimal contraction is characterized by a
smoother but slower increase in Rpi, while mortar 8 demonstrates more intense early strength with
slightly increased shrinkage. This confirms the possibility of purposeful regulation of the balance
between deformability and structural cohesion through optimization of the content of cement, clay,
and ground shell limestone.

Conclusions. It has been established that volumetric deformations and plastic strength of lime-
cement-clay restoration composites are interrelated but not functionally dependent characteristics of
the early structure formation process. Maximum contraction of up to 0.35% occurs in the first 24
hours of hardening, with a critical interval of 1-3 hours corresponding to the coagulation state of the
system without a formed load-bearing framework. Plastic strength formation occurs in a three-stage
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process with a transition to a framework state after 10 hours, which corresponds to the completion of
plastic shrinkage. It has been shown that the introduction of ground shell limestone reduces the
intensity of volumetric deformations by 15-20% and increases early plastic strength by 1.5-1.8 times
due to the compaction of the structure and the formation of additional coagulation contacts. The
obtained second-order regression models enable the prediction of volumetric changes and plastic
strength of composite materials as a function of composition and facilitate the targeted design of
compatible restoration mortars for porous limestone substrates.
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Anortanisi. ExcruryaTariiiiHi BIAaCTHBOCTI KOMITO3MIIIMHMX MarepiaidiB 3HAYHOIO MIPOO
00yMOBJIEHI MpoLIecaMH, 1110 MPOTIKAIOTh Ha MOYaTKy (GopMyBaHHS iX cTpykTypu. O0’€MH1 3MiHU Ta
IUTACTUYHA MIIHICTD PO3IIIANAIOTHCS SIK 1H(GOPMATHBHI MOKA3HUKH, IO BiOOpakaloTh MpPOIECH
CTPYKTYpOYTBOPEHHS Ta ajanTallii BalHIHUX PecTaBpaliiHUX KOMITO3UTIB (IITyKaTypHUX CKJIaJIiB)
Ha paHHIX cTafisx TBepAiHHA. Iloka3aHo, 110 3a3Hau€HI XapaKTEPUCTUKU YyTIUBO PEaryloTh Ha
nepeOyI0By BHYTPIIIHBOI CTPYKTypU MaTepialy, 30KpeMa Ha KOaryJSIliio JUCIEPCHUX YaCTHHOK,
PO3BUTOK MIK(pa3HUX KOHTAKTIB 1 (pOpMyBaHHS MPOCTOPOBO 3B’A3aHOI CTPYKTYPHU KOMIIO3UTY.
OOrpyHTOBaHO, MmO OO0’€MHI 3MIiHM Ta IUIaCTUYHA MIIHICTh BIAOOpPaXarOTh PIi3HI, aje
B3a€MOIIOB’s13aH1 aCMEKTH OJHOTO MPOLECY — CTAaHOBJIEHHS BHYTPIIIHBOI CTPYKTYPH KOMIIO3UTY, 1
TOMY MOXYTh PO3TJISIATUCS SIK B3a€MOJIOMIOBHIOBAJIBHI 1HAWKATOPH CTPYKTYPHOI €BOJIIOLIII.
VY3rokeHICTh IIUX MOKA3HUKIB BU3HAYA€ 3/1aTHICTh PECTaBpPaLlifHOIO pO3YMHY aJalTyBaTUCS O
nedopMalifHuX 1 BOJOTOOOMIHHUX OCOOMMBOCTEW TMOPHUCTOI BamHSAKOBOI OCHOBH, IO
pecTaBpyeThcs, 0€3 HAKONMMYEHHS KPUTUYHUX  BHYTPINIHIX  HampyXeHb. Ha  ocHOBI
eKCIIepUMEHTAJIbHUX JIaHUX MOOYJI0BaHO perpeciiiHi Mojeni Ta rpadidHi 3aJeKHOCTI, sIKI HAOUHO
BiIOOpaXkatoTh BIUIMB CKJaJy Ha XapakTep 00’eMHHMX JedopMalliifi 1 KiHETHKy HapOCTaHHS
ractiaHoi MinHocTi. OTpuMaHi 3a pe3yibTaTaMH JOCHIHKEHHS 130MOBEPXHI Ta 4YacoBi KpHUBI
JI03BOJISIIOTH IHTEPIPETYBATH 3MIHY BJIACTUBOCTEH uepe3 AOMIHYBaHHS THX YM 1HIIUX MEXaHI3MIB
CTPYKTYPOYTBOpPEHHs Ha Pi3HMX eTanax TBepAiHHA. [lokazaHo, 0 BapilOBaHHS CKJIaTy KOMIIO3UTY
JI03BOJISIE LILJIECTIPSIMOBAHO KEPYBAaTH OaJaHCOM MK JIe(pOPMATUBHICTIO Ta IIBUAKICTIO HAPOCTAHHS
CTPYKTYPHOI 3B’SI3aHOCTI, IO € KJIIOUYOBHM YHHHUKOM (OpPMYBaHHS CyMICHOI Ta CTabiIbHOT
KOHTAaKTHOI 30HU. OTpuMaHi pe3ysbTaTH MiATBEPIKYIOTh MOXKJIMBICTb BHUKOPHCTAaHHS 00’ €MHHX
3MiH 1 IUTACTUYHOI MIIIHOCTI SIK METOJIMYHOT OCHOBH JJIsl IPOT'HO3YBaHHS MOBEAIHKH pecTaBpalliiiHIX
PO3UMHIB, aJanTallifHIX MPOIIECIB y CUCTEMI «pecTaBpalliiHIi PO3UYUH — MaTepiall OCHOBHY Ta JUIS
MPOEKTYBAaHHS IITYKATypPHHUX KOMIIO3MIIM, OpIEHTOBAaHMX Ha JOBTOTPUBANY CYMICHICTh 1
30epeXeHHs ICTOPUYHHUX OY/IIBEIIb 3 BAITHSAKY-YEPETIAlIHHKY .

KarouoBi ciioBa: pecraBpalliiiHi KOMIO3UTH, GOPMYBaHHS CTPYKTYpH, 00'eMHI nedopmarii,
TJIACTUYHA MIIHICTh, afanTallis, KOMIIO3HIIITHI CUCTEMH, PO3UNHHA Ha OCHOBI BaIlHA.
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CYXI BYAIBEJIBHI CYMIIII HA OCHOBI ®OC®OT'TIICY MOJUPIKOBAHOI'O
I ABTOMOBIJIBHUX TOPIT

MMunkeBuy O.1., acripanr,

oleksiishynkevych@gmail.com, ORCID: 0009-0006-2906-4958
Oodecvka depacasna akademis 6YOIBHUYMEA MaA apXimeKmypu
By Jlinpixcona, 4, M. Oneca, 65029, Ykpaina

Anorauis. [Tokazano akryanpHicTh yTHii3amii (ocorincy — Bixomy XiMivHOT IPOMHUCIIOBOCTI
— IUIIXOM TepepoOkH iX y cyxi OymiBenbHI CyMimmi. YTHimi3alisi TeXHOTEHHOI CHPOBHUHHU CTBOPIOE
BIJITIOBITHI MOKITUBOCTI JIs1 TAKAX BAXKJIMBHUX ACTICKTIB SIK BiTIyTHE 3HIKCHHS (JIHAHCOBUX 1HBECTHUIIIH
y BUpOOHUYY AISUTGHICTD MIIPUEMCTB 3aBISKU BXXE Peali3oBaHii MepBUHHIN TISUTBHOCTI MTiIIPUEMCTB
BeJIMKOI MOTYXHOCTI. Ha 06a3i MOTYy)KHUX MiANPUEMCTB PO3BUBAIOTHCS JOUIpHI MIANPUEMCTBA 3
IHAMBIIyQJIbHUMHU 3aBJAaHHSAMH, IO BIAPI3HSAIOTHCS BiJl TOIMEPEIHIX, SKI 3a3BHYaill BIAPIZHIIOTHCS
BIIPOBA/DKCHHSM HOBHX, NMEPCIEKTUBHUX, «OOJIETIIICHUX» TEXHOJOTIH. BUKOpHCTaHHS TEXHOTCHHOL
CHUPOBUHH 3a0e31euye He TUTBKH (DIHAHCOBY €KOHOMIFO, @ TAKOXK 3HIDKYE BUTPATH Ha OYyJIIBHUIITBO Ta
OOCITyrOBYBaHHS 3BIWII. BaXJIMBAM TIO3UTUBHHM AacCIEKTOM € 3MEHIIEHHS EKOJOTIYHOrO
HABaHTAXXCHHS Ha atMocdepy Ta BOAHUWI OacelH ruianeTH. ToMy MacoBa YTHIII3alis MPOMHUCIOBUX
BIIXOIB € 3araJibHOI0 MPOOJIEMOI0 CYYacHOTO €Tamy JisUTbHOCTI Oy/AiBeJIbHHX KOMIaHiH.
Pi3HOMaHITHICTP TPOAYKTIB 13 TEXHOT€HHOTO (ocdorincy € exKoHOMiYHO BurigHOM0. I[lokazaHo
JOLUIBHICTD YTHI3aLi1 (OCGOTINCy K BUCOKOSIKICHOTO TEXHOTEHHOTO MPOIYKTY, IO YTBOPIOETHCS B
rporieci BUpoOHUITBA cyrnepdochaTHUX CLTLCHKOTOCTIOAAPChKUX A00puB. JIBoBOaHMI docdorinc B
mporieci TepMooOpoOKu Ta Moaudikarlii nepepoOsiEThCsl B MOIU(IKOBAHI CYMIIIT; pO3POOIISETHCS
MIeBHA ITOCIIIIOBHICTh TEXHOJIOTTUYHUX TporieciB. [IpoBeneHo omumc mporeciB Ta 0OTpyHTOBAHO BHOIp
HU3BKOCHEPTOEMHOTO TEXHOJIOTIYHOTO TPOIIECY, KK 3a0€3MeUy€e CKOPOUCHHS €HEPrOCIIOKHBAHHS Ta
€KOHOMII0 pecypciB. Pealli3oBaHO Takok 3aCTOCYBaHHS CyXuX OyJiBenbHHX cyMmimiel. [lokazaHo, 1o
Cyxi OyiBeIIbHI CyMIllli € HAYKOEMHUM TIPOTyKTOM BHCOKOTEXHOJIOTTYHUX 3aBOJACHKHX MPOIIECIB, SIKHIA
JIO3BOJISIE TIIBUIITUTH SIKICTh 1 TEMITA BEJICHHSI IOPOXKHIX pOOIT MPH 3HMKEHHI €KOHOMIYHOI CKJIa0BOT
poro mporecy. lIpencraBieHo pe3ybTaTH EKCIIEPUMEHTATBHUX JOCIIIKEHb 1010 3aCTOCYBAHHS
(dhocdorincy MoaudikoBaHOTO B SKOCTI CHPOBUHH JIJIsl BATOTOBJICHHS CYXUX OY/IIBETPHUX CyMIIIIeH JIJIst
OCHOB JIOPOKHBOTO OJIAATY.

KiarouoBi ciaoBa: TexHoreHHa cupoBWHa, d¢ocdorinc, cyxi OyaiBenbHI cyMmili,
eHepro30epirarova TEXHOJIOTisI, MeXaHigYHe 00JIaIHAHHS JIJIs CIIIJTLHOTO TIOMENTY, CYIIIIHHS Ta BHITAITY.

Beryn. CyyacHa eHepreTMka Mae TapaHTyBaTH 30€pEeKEHHS JOBKLUISA, 30KpeMa 3axHcCT
MOBITPSIHUX PECYpCiB, BOJHHMX OaceliHiB 1 KOHTPOJIIOBATH EHEpPro30epekeHHs y OyiBHHUIITBI.
30epekeHHS CHEPTETUYHUX PECYPCIB € OJHIEI0 3 HAMBAXKIUBININX MPOOJIEM €HEPreTHIHOT Oe3MeKn
B KpaiHi. byniBenbHa ramy3p YKpaiHH CIOXHBAE 3HAUHY KUIBKICTh €HEPreTHUHUX PECYypCiB.
BynisenpHmiA cexTop crnoxkuBae Maibke 50% mnpupomHux pecypciB i monan 40% eHeprii.
EneprocnoxuBanHs Oy/1iBeTbHOTO BUPOOHHIITBA B YKpaiHi y 2,5-3,5 pa3u Buiile, HiX y kpainax €C.
BrockonaneHHsl Halicy4acHIIMX IHHOBALIHHUX TEXHOJIOTIH CIpsiMOBaHEe Ha e()eKTHBHY O0OpOOKY
TEXHOT€HHUX BIJIXOJIB , II0 3MEHIIyE EHEProCIOKUBAHHS Ta BaXXKy cHpOBHHY. Po3poOka Ta
BIOCKOHAJICHHS HOBITHIX, €()eKTUBHHX 1 eHepPro30epiratounx TeXHOJOTiH CIPSIMOBaHI Ha BUPIIICHHS
i€l mpoOaemMu, a TaKoK Ha PO3MMPEHHS BUIBHUX TEPUTOPIN BiJ 3BAJMII LUISIXOM palliOHaIbHOI
00poOKM TEXHOTEHHOI CUPOBHHHU. HasBHICTH 3HAaYHUX OOCSITIB TEXHOTCHHHMX 3araciB B YKpaiHi
JI03BOJISI€, BPAXOBYIOUM CyYacHI Marepianu, OyIWHKA Ta TEXHOJOril, BUPINIyBaTH 3aralibHi
COIiaNIbHI, HAYKOBO-TEXHIYHI MPOOJIEMH IS OTPUMAHHS €KOJIOTIYHO Oe3MeYHUX, CKOHOMIYHUX 1
e(eKTUBHUX MaTepialliB IIUPOKOro cmekTpa. Hapasi y BciX KpaiHax NpPOBOJUTHCS IOJATKOBA
o0poOka MmaTepiaiiB, sIKI MOXYTb BHUKOPUCTOBYBATHUCS SIK CleUU(IYHUN HU3bKOCHEPreTHUHUIN
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CHPOBUHHUY MaTepiaj y MOPIBHSHHI 3 MPUPOTHOIO CUPOBHHOIO Ta CIIPUSIOTH BIUTUBY TEXHOJIOTTYHUX
MIPOIIECiB Ha SKICTh €KOJIOT1YHOI eKoorii. TeXHOreHHa CHpPOBUHA € JAEUICBILIOI0 Ta MEHII PIAKICHOIO
y pi3HUX OyIIBENbHHMX CKJagax CyMIIIed, MarepiajiB 1 NpoAyKTiB. BojgHouac KOXXEH THII
TEXHOTCHHOI CHPOBHHH BIAPI3HIETHCS OCHOBHUMH BJACTHBOCTSAMHU Ta c(epor0 3acTOCYBaHHS
BIIXO/IIB, 1110 HEOOX1THO BPaxOBYBaTH.

AHani3 pocaigxenb Ta myOaikaniii. [TutanHs npakTHuHOrO BHKOpHCTaHHS (ocdorincy —
BiIX0/ly BUpOOHUIITBA (OCHOPHHUX JIOOPUB — JUIsi BUTOTOBJICHHS OyMiBEIbHUX MaTepialiB HHHI
MEPEepoOCiIo Yy 3arajJbHOCBITOBY NpoOieMy, y sIKiii MeperuIiTaloTbCs IHTEPECH MiANPUEMCTB i3
BUpOOHHMITBA J0OpUB [1], OXOPOHM HABKOJMIIHBOTO CepenoBHIIa [2] Ta MPOMHUCIOBOCTI
OyaiBeNbHUX MaTepialiB, 30KpemMa Mpu OyJiBHUIITBI aBTOMOOLIBHUX J1opir [3].

HominpHicTs yTHMI3aLIi Gocdorincy 3 iioro nepepodkoro y OyaiBeabHI MaTepiaad 3yMOBJICHA
JIBOMa OCHOBHHMH YMHHHKAMHU:

— HEOOXIJHICTIO TMOKpAIIEHHS EKOJOTIYHOI CHUTyallii y paldoHaxX CKJIaayBaHHS BiJIXOIiB,
OCKUTBKYU BiJJOYBa€ThCS 3a0pyAHEHHS BOJHOTO i MOBITPSTHOTO OaceiHiB, a IiJl BifBajJaMH 3alHSATI
poaroui 3emii [2];

— HEOOXITHICTIO 30epeKEeHHsI MPUPOJHUX PECYPCIB TIMCOBOTO KaMEHIO, OCKIIBKU XIMIYHUH
ckian docdorincy OMM3bKUN 10 TPUPOIHOTO TINCy, a 00CATH HOro HAaKOMWYEHHS CIIBCTAaBHI 13
3armacamMu IpUPOAHOI CUPOBUHHU [4].

Y 3B’sa3Ky 31 30UIbIICHHSAM OOCSATIB IMBIILHOTO Ta TMPOMHUCIOBOTO OYIIBHHUIITBA Ta
MIJBUIICHHSM BUMOT 0 SIKOCTI O03700JIOBATHHUX MAaTEpialliB IMUPOKO 3aCTOCOBYIOTHCS CyXi
oynisenbHi cymimi (CBC) [5].

3acToCyBaHHS TaKUX CyMIIICH 3yMOBIICHE 1X TEXHOJIOTIYHICTIO Ta MOKJIMBICTIO TIPUTOTYBAHHS
po3unHiB Oe3mocepeiHbO Ha Oy MiBeIbHOMY MaiimaHauky [5].

Ockinpke B 6araTbOX CKJIa/IaX CyXUX CyMillIeld OCHOBHMM KOMITOHEHTOM € HAIiBBOJHHIA TiIIC,
nepepodka ¢ocdorincy y rirncoe B’spkyde 3 oTpuMmaHHAM CBC € BaKJIMBUM 3aBJaHHIM IS
eKOHOMIKHM Ta ekoJiorii [1, 4, 6-8]. 1llogo orpuMaHHs cyXux cymiiieil Ha OCHOBI (ochorincoBoro
B’SDKy4Oro, TO  po3poOJeHO  CKIaaud  JUIsi  BUTOTOBJIEHHS  Ma30TPEOCHEBHUX  ILIUT,
razoocdorincodberony, MTyKaTypoK, IMAKIIBOK 1 IPECOBAHUX BUPOOIB .

TepMiuHe epeTBOPEHHS JBOBOIHOTO TINCY Y HAMIBBOIHUHN 3/11MCHIOETHCS Y 3BaKEHOMY CTaHI.
TexHonoriss anpo6oBana y HamiBpomucioBux ymoBax XHYBA Ta BmpoBamkeHa KOpHOpali€ro
«Exomnorist — [{ninpo». st 3a0e3neuenHs crabiiapHOCTI BiracTuBocTel 10 ckiaxy CbC BBOasSThCA
Moudikyroui 1o6aBku [9-12]. Sk HaOBHIOBAY 3aCTOCOBYETHCS KApOOHAT KAJIBIIIO (BAIHSIK), SIKHA
MIJIBUIY€E TPIMIMHOCTIMKICTG 1 TwiacTuuHicTh [7]. Tamene Bamuo Ca(OH): BBoauThCS ISt
3MEHIICHHS YCaJKOBHUX HampyxeHb [8]. JlumonHa kuciota abo Na:SOs 3aCTOCOBYIOTHCS SIK
CIOBUIbHIOBaY1 Ty>kKaBiHHA [9]. JIerki HanoBHIOBaYi1 (IIEPIIITOBHIM MICOK, TPETEN) BUKOPUCTOBYIOTHCS
JUISL TIOJIETIIICHHS. HAHEeCEHHSI TOBCTHUX IIAPIB , aje MOTPiOHI HOBITHI MiAXOAM Ta HOBI KOMILIEKCHI
migxoau . KBapiioBuii micok Ta BaImHIK 3aCTOCOBYIOTHCS SIK 3aIlIOBHIOBAY1 JJIS IT1IBUIIICHHS MIITHOCTI
Ta 3HWKCHHSI BAPTOCTI MaTepialy, aje MoTpiOHI HOBITHI MiJXOJU Ta HOBI KOMIUIEKCHI MiTXOH Ta
cydJacHi i Hu3bKoeHeproeMHi texxosorii [10-15].

KBap11oBuii micok Ta BamHSIK 3aCTOCOBYIOTHCS SIK 3alIOBHIOBAUi JAJIS MiIBUIIICHHS MIIHOCTI Ta
3HIDKCHHS BapTOCTI MaTepiany.

Takum yuHOM, miaOlp AMCIEPCHUX HANOBHIOBAYiB 1 J00aBOK 3 ypaxyBaHHAM iX
MIKPOCTPYKTYPHOI B3a€EMO/I1i 103BOJISIE PETYIIIOBATH TEXHOJIOTTYHI MapaMeTPH PO3UMHHUX CyMILIEH.

MeTo0 po0dOTH € OIliHKa BIUTUBY TEpMOOOPOOKH HEMOAM(}IKOBAHOTO Ta MOAMU(DIKOBAHOTO
(docdorincy Ha BIacTUBOCTI CyX0i OyMiBEIHHOI CyMilll JIsl OCHOB JOPOKHIX OJISITIB.

Martepiaju Ta MeTOAH IOC/TiAKeHb. Y SKOCTI JpiOHOTO 3alMOBHIOBaYa BUKOPHUCTOBYBABCS
micok kap'epuuii Bo3necencbkoro (HiKHTHHCBKOTO) pOAOBHINA 3 MOAYJIeM KpymHOCTI 1,25 3rigHO
JACTY b B.2.7-232:2010. Ilonikap6onatauii rinepmnactudikarop MelFlux 2651F na ocHoBI edipy
norikapoonoBux kuciot, BupooHuk BASF Construction Solutions (HiMmeudnHa), BUKOpHCTOBYBaBCsI
st CBC y sxocTi Bogopeaykyo4oi 106aBki. MiHepaibHUI HATOBHIOBAY — TOHKOMEJICHUI BaIHSK,
B SIKOCTI JOOABKH, KA 3HUXKYE MPOLIECH YCAJIKH, MIIBUIILY€E TPIIMHOCTIMKICTh. BUKOpuCTOBYBaBCS
¢pakuioHoBanuii MikpoBosactoHiT (CaSiO3) MB-05-96, mo nocraBisieTbesi «IMIEKCIHBECT» M.
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XapkiB; Tiapod0613aTopr KOMIO3UITIHHI.

PyxnuBicts po3unHHOI cymimi Bu3Havyanacs no JACTY B.2.7-239:2010. Yac &KHUTTECTIHKOCTI
cymimii — Bianosigao g0 JCTY B.2.7-185:2009. IlinpHICTS cyMimn BU3HAYaIaCs BiJIIMOBITHO 0
JACTY b B.2.7-82:2010. BonxocTi#KicTh — 3a CTAaHAAPTHOIO METOAMKOIO. BU3HAUEHHS MIITHOCTI Ha
CTHUCK, Ha PO3TSAT IIPW BUTHHI, BOJOIOTJIMHAHHS BU3Havasock BianosiaHo no JICTY b.B.2.7-82:2010
”byniBenbHi MaTepianud. B’spkydi rincoBi. TexHiyHi ymMoBH”, iX (hi3MKO-MeXaHIUHI MOKa3HUKH,
BUMOTH JI0 CUPOBUHH, BUPOOHUIITBA Ta KOHTPOJIIO SKOCTI.

Pe3yabTaTi Aociaigkens. OTpuMaHHS TINICOBOTO B’ sDKYYOro i3 (ocdorincy Oymo 3aiiicHeHO
Ha JIabOpaTOpHil yCTaHOBIII, 3MOHTOBaHIN CIUIBHO Kadenapamu OyIiBeTbHUX MaTepialliB 1 BUPOOIB
Ta kadeaporo MexaHizaii OyniBensHuX mporeciB XHYBA. Jlana ycraHOBKa 103BOJISIE 3/1IHCHIOBATH
BUITAJl JUCIIEPCHUX MaTepialliB y 3BaKEHOMY CTaHi. BigMiHHOIO OCOOJHMBICTIO ITi€l TEXHOJIOTII €
BIJICYTHICTh TIPOMHBAHHS BOJOK 1 HeWTpamizamii BuximgHOi cupoBuHH — Qocdorincy. I[Ipomec
OTPUMAHHS TIIICOBOTO B’SDKYYOTO 3 TEXHOTEHHHUX BIIXOMIB (pocdorincy 3a TEXHOJOTIEH BHUIATY
JMCIEPCHUX MatepianiB y 3BakeHoMmy ctani (BJAM3C) mae Taky MOCHiIOBHICTH: MirOTOBKA JJIsI
BUIIAJTy, BUIIAJI, BATPHMKA B Kamepi Tomirinas [16-22].

[TpoBeneHa oIiHKa 1 aHAI3 BIUTUBY TEXHOJIOTIYHUX OCOOMBOCTEH TPaAHIIIHHOI TEpPMOOOPOOKH
(dhocdorincy HemoaudikoBaHOTO Ta MOIM(IKOBAHOTO HAITOBHIOBAYA Y BUTJISII KBApIIOBOTO ITICKY. J{yst
MPUTOTYBAaHHS CyXHX CyMillel K TilCOBOTO B'SHKydoro OyJio B3ATO HAmiBBOAHHIA rinc mapku -5,
OTpUMaHMii BUNAIoM J[HINpoa3epKUHCHKOTo (Hocdorincy 3a HOBOK TEXHOJIOTiE . TemmepaTtypa
BUNAJy 3HAYHOIO MIpoI0 chpusie abo 3pOCTaHHIO MIIHOCTI a0o ii 3HM)KEHHIO, IIO TIOB’S3aHO 3
YTBOPEHHSIM Y pe3yJbTaTi AeTiApaTallii CHPOBHHM KUIBKOCTI HAIlIBBOJHOIO TIICY M aHTIAPUTY, 1
BIUIMBAa€ Ha MILHICTh OJiepKyBaHOro matepiainy. Ilpm mpoMy mopanblie HarpiBaHHsS Martepiary
MpU3BeJIe 10 3HEBOIHECHHS HAIMIBBOIHOTO TINCYy 3 HOTO NIEPETBOPCHHSIM y PO3YMHHHNA aHTIIPUT 1 10
TMIOTIPIIEHHS HOTO SIKOCTI, 0OpaHuii iHTepBa TeMIepaTyp 3HaXOAUThca B Mexax Bin 175 no 400 C. B
pe3yJIbTati JOCIHiKeHb OYyJI0 BUSBIICHO, IO TEMIIEpaTypa BUNIATY BILIMBAE HA SIKICTh OJICPYKYBAHOTO
npoayKTy. Jlasi eKcriepuMeHT NOJIArae B OLHLI TeMIIepaTypy BUMaily JaHoro (ocdorincy, 3a iKuii BiH
JETiIpaTyeThCsl B TINCOBE BSHKy4e 3 MaKCUMaJIbHUMH IOKa3HUKaMHM MIHOCTL. ['padiku
aucnepryBanHs ¢ocdorincy Ta gocdorincy MoaudikoBaHOTo KBapIlIOBUM ITICKOM HaBeIeHi Ha puc. 1.
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Puc. 1. BuB TpuBanocTi AucriepryBaHHs CyMillll Ha BEIMYHUHY TTUTOMOI IMTOBEPXHI Gocdorirncy:
1 — vemoaudixoBanoro; 2 — MoaH(}piKOBaHOTO KBAPIIEBUM ITICKOM

Ha ocHoBI aHamnizy oTpuMaHux JaHUX 3po0JIeHO Taki BUCHOBKU. [lo-miepiiie, mpoBeaeHo aHali3
MiJBUILEHHS aKTMBHOCTI Marepiady. BcTaHOBIE€HO, IO BBEJIEHHS HANOBHIOBaYa y BUIJIAI
KBapIIOBOTO TICKy 70 ckiany ¢ocdorincy (kpuBa 2) 3ade3nedye OUIBIT IHTEHCHUBHE 3POCTAHHS
MUTOMOI MTOBEPXHI MOPIBHAHO 3 HeMoaudikoBaHuM ¢ocdorincom (kpusa 1). Lle mosicHIOETbCS TUM,
IO TBEP/AlI YaCTUHKU KBapIly BHUKOHYIOTH pOJIb aOpa3MBHOTO KOMIIOHEHTA, SIKUH iHTEHCH(]IKye
MoAPiIOHEHHS M’ SKO1 TiCcOBOI a3y Ta CIpHsi€ yTBOPEHHIO OLTBIIOT KUTBKOCTI aKTUBHUX MTOBEPXOHb.

[linBuIIeHHST aKTUBHOCTI Martepiany. BBeneHHs HamoBHIOBaYa MiABUIILYE MTUTOMY MOBEPXHIO
docdorincy mMomudikopanoro i3 S = 220 10 Syx = 400 m%/xr mporsarom 10 xB., a docdorinc
Hemonudikosauuii — 10 Syx = 330 m%xr mporarom 9,0 xB. Jlami, BemuumHA Sys TOUMHAE
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3MEHIITYBATHUCh 10 BeTUINHU Sy;. 280-300 MZ/KT.

Jaumi npucyTHiii edekt arperarii yactuHok. [loganbiie 301IbIIEHHS TPUBAIOCTI MEXAHIYHOI
00poOKu ToHaa 2-3 XB. MPU3BOAUTH J1ajli 1O 3MEHIIIEHHS MUTOMOT oBepxHi. Lle sBuIie mos’s3ane 3
arperariero HaATOHKUX YaCTHHOK MiJ1 II€10 MKMOJICKYJIIPHUX Ta €JIeKTPOCTAaTHUHUX CHJI, YHACIIIOK
YOro YTBOPIOIOTHCS BTOPHHHI arJioMepaTH. TakuM YHMHOM, TOJAIBIIMNA TTOMEN € EHEPreTHYHO Ta
TEXHOJIOTTYHO HEJIOIIIEHUM.

Bu3HayeHHsT ONTUMAILHOTO Yacy JAWCHEPryBaHHS JUIsi 000X CKJIAiB JOCATAIOTHCS TpPHU
TPHUBAJIOCTI AWCHEepryBaHHs 10 XBWIHMH, IO CBIMYUTH NPO JOCATHEHHS ONTHUMAILHOTO CTYTICHS
noApiOHeHHs. J[aHWii 4acoBHW 1HTEpBald € TEXHOJOTIYHO IOMUIBHUM JUIsi OTPUMAHHS HaWO1IbII
TOHKOAMCIIEPCHOTO Ta PEAKIiiiHO 3AaTHOTO MaTepialy MpH MiHIMAJIBHUX €HEProOBUTpATaX.

Exonoriunuii Ta pecypco3oepirarounii epekT Takox Mae 3HaueHHs. OTpuMaHna MoaudikoBaHa
(docdorimnc-kBaproBa cymimn 3ad6e3nedye MOXKIUBICTh 0€3MeYHOT YyTHITI3aIlil TPOMHUCIOBUX BIIXOMIB
(docdorincy, nmepeBossun HOTO 3 €KOJIOTIYHO HEOE3MEYHOro CTaHy y CTaOUTbHMA KOMIO3UIIIMHHMA
MaTepian. B mporeci mMexaHiuHOi akTUBaIlil BiZOyBaeTbcs 1MOOUTI3ALis MIKIUIMBUX IOMIIIOK Y
CTPYKTYp1 MaTepially, IO 3HMKYE IXHIO MITpaliifHy 3JaTHICTh Ta HETATUBHHUM BIUIMB Ha JOBKIJUIA.
MonudikoBanwuii (hocorine XxapakTepru3yeThCS MiIBUIICHOIO PEAKIIHOO 3IaTHICTIO Ta MOXKe OyTH
PEKOMEHIOBAaHUI SIK CHPOBMHA JIJIsi BUPOOHUIITBA KOMIIO3HMIIHHUX TIICOBUX B SDKYYHX, CYyXHUX
OyIiBeIbHUX CyMIlIeH Ta €JIEMEHTIB IOPOKHIX OCHOB.

Ha puc. 2 mnpezacraBieHo 3aieHOCTI MiifHOCTI Ha cTHCK (fem) Ta MimHOCTI Ha poO3TAT TpU
BuruHi (fcfm) Bix Temmeparypu Bumaidy i MMTOMOI MOBEPXHI Marepialy Ta BIUIMBY MiHEpaJbHUX

JTOMIIIIOK.
£m; £t1m £m ; :E‘:tfm
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Puc. 2. Bimus tpuBanocti aucnepryBanss gocgorincy (PI) ta pocdorincy MmoandikoBaHOro
kBapuoBuM mickoM (PI'+Moo) Ha MOKa3HUKH MIIIHOCTI:
a_fcm (I)F—-, fctfm (I)r_-a
0 — fem @I+Moo — N ; foepm PT+Moo — .

AHai3 pe3ynbTaTiB MOKasye, IO MIMHICTE (OCPOriney HEAKTUBOBAHOTO fun Ta  ferfm
ONTUMAJBHO 30UTbIy€eThes 10 8,0 MIla npotsrom 12,5 xB, a MittHICTE (hocdorirncy MoanudiKoBaHOTO
— 1o 12,2 MIla, To6To mirHicTh Bume B 1,5 - 1,6 pasis.

VY Xoai MpOBEACHOTO JOCTI/PKEHHS BCTAHOBJICHO, IO CIUIBHE AMCIEPTYBaHHS (MeXaHIuHA
akTuBalig) Qocdorincy 3 KBapIOBUM MICKOM € €(pEKTUBHUM METOA0M (Di3UKO-MEeXaHIYHOi Ta
9aCTKOBO MeXaHOXIMi4HOT Moan(ikamii hocdorincoBoi CHpOBHHH.

BractuBocTti omepkaHMX CyXHX cyMilieil mpeactaBieHi B Tabn. 1. Ha mowatkoBomy erami
MIPOBEICHO AOCIIHKEHHS [II010 BIUTMBY MapaMeTPiB TEMIIEPAaTypH Ha MMOKA3HUKH SIKOCT1, OTPUMaHUX
y Tporeci TepMooOpoOKH cyxux OyaiBenbHHMX cymimed. [Ipu mpoMy akTyanbHUM 3aBIaHHSAM €
TPHUBAIICTH Ta ONTUMAJIbHA TEMIIEPATypa TEPMOOOPOOKH.
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Ta6mums 1 — Cyxi OyaiBenbHI CyMillll Ha TIIICOBOMY B'SKYy4OMY 3 HEMOAM(IKOBAHOTO
docdorincy (1) i monudikoBanoro gocdorincy (2)

. . . ['panuis MinHicTh
HaitmenyBanua | Bigkpuruii | ['panuns . .
Ne N 4 .. . . MIIHOCTI Ha | Ycaaka, |34CSIUICHHS 3
cyxoi OyaiBenpHOI | yac poOOTH, | MIITHOCTI Ha
.10 cvmimi . cruex. MITa | PO3TAT 1PH MM/M OCHOBOIO,
y ’ 3ruHi, MIla MlIIa
1 2 1 2 1 2 1 2 1 2
1| Cymim ani ocuos | g | g5 | 61 | 197 | 25 | 31 | 02 |01 06 |078
JIOPOXKHBOTO OJISITY

JlonaTkoBi BapianTH Moudikaii pocdorincy s Oy AiBeabHOI IPOMHUCIOBOCTI 3a HApsMaMu
¢byHKIIOHaNI3a1ii MOXKYTh OyTH TaKi:

—MiHepaioriuia Ta ¢azoBa Moaudikauis y Burisagl kap6onizaumii (CO:z-akTuBamis) 3
YTBOPEHHSM CTaOUIbHUX KapOOHATHUX (a3 1 3HIKEHHSIM PO3YUHHOCTI;

—XiMiyHa cTtabumi3amis Ta HeWrtpamizamis gomimok. CynbhoanroMiHaTHA aKTHUBAIlS ISt
CTBOPEHHS IIBUJKOTBEPIHYYUX KOMIIO3UIIIN 3 HU3bKOIO yCaJIKOIO;

— KOMITIO3ULIIHE apMyBaHHS: MIKpOapMyBaHHS BOJIOKHOM JJIs1 I1IBULLIEHHS TPILIMHOCTIMKOCTI;
BBeJICHHA HaHO00aBOK (Si02, Al2Os) 115 yIIUIBHEHHS CTPYKTYPH Ta POCTY MILHOCTI;

—QyHKIIOHaNbHI OyAiBeNbHI Marepiaiu: po3poOka @ocdorincoBux MOpOXKHIX OCHOB 1
cTa011130BaHUX IPYHTIB (3 HIEMEHTOM a00 BallHOM).

AHaJi3 qaHux, HaBeJACHUX y Ta0nwI 1 mokasye, 1o BIaCTUBOCTI CYXHUX CyMiIIel 3a10BOJILHSIOT
cy4acHUM BuUMoram. ExoHOMiuHI niepeBaru mpu BUPOOHUITBI TAKUX CyMIILIEH MOJSratoTh y TOMY, L0
TifncoBe B'sHKydye OTPUMAHO 3 TEXHOTEHHUX B1ax0/1B (ocdorincy. Ha HacTynmHOMY eTari 10CIiIKeHHS
MPOBEJICHO aHali3 1 JaHO OLIHKY BIUIMBY KOMILIEKCHOI aKTHBAallli KOMIOHEHTIB CyXoi OyziBelnbHOi
CyMIIlll: TOJIIKOMIIOHEHTHOTO rinepriactugikaropa White, skuil BapiroBaBcs B iHTepBai BiJ 1 10
3 (% M.B.); nonikapOoHaTHOI rineprutactTugikyrouoi 1o6asku Melflux-2651F, BMicT sikoi BapitoBaBcs B
mexax Big 1 g0 11 (% Bix M.B.); HalOBHIOBAY y BUTJISZI KBApIIOBOTO TICKY 13 3aJaHOI0 MMHUTOMOIO
nosepxzero — S (1) = 200 cm?/r, S(2) = 300 cm?/r , S(3) = 400 cM?/r (Ipu pisHiit Temnepatypi iz 170
10 400 °C) 3a rexnomnoriero BAM3C. OtprmMaHi ekcriepuMeHTalIbHI Pe3yJIbTaTh OOIPyHTOBaHI METOJIOM
EKCIIEPUMEHTAIbHO-CTATUCTHUHOTO MonemoBanHs [12, 13, 20]. Pesynbratu ananizy EC-moneneit
MIPOIEMOHCTPYBAJIM 3aJI€KHICTh MIIIHOCTI Ha CTUCK Ta PO3TATY MPH 3THMHI BiJl MATOMOI MOBEPXHI
Marepiaiy Ta OpraHo-MiHepaJbHUX KOMIO3UINA. Buxoasuu 13 giarpam Ha puc. 3 ciij] 3a3HaYUTH, 110
JUISl TOCATHEHHS! MaKCUMAaJIbHUX 3HaYeHb MIIIHOCTI He0OXiHO, 100 (ocdorinc MmoandikoBaHUN MaB
IUTOMY TIOBEPXHIO B Mexkax 400 cM?/r £ 5 cM/T.

o2
[

20

['meprninactudikarop White, % M.B.
I'mepnnactudikarop White, % M.B.

A\, 0/
0,1 Me\w,zﬁv\

0)
Puc. 3. MinHicTh Ha CTUCK KOMITIEKCHO Moau(dikoBaHoi (hocdorincoBoi cyxoi OyaiBenbsHOT cymimti
Ha TOHKOMEJICHOMY ITiCKYy Ta OpraHO-MiHEepaJIbHOMY KOMITJIEKCI:
a — MaKCHUMaJIbHi MIOKa3HUKH SKOCTI; 6 — MiHIMaJIbHI MOKa3HUKHU SIKOCTI 1TpH Syx (3)
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PesyibpTath MaTeMaTHYHOrO MOJCIIOBAHHS KOMILICKCHO AaKTHBOBAHHX IIPOIIECIB 1 SBHIIY
3BElIEH] B TA0OIHULO 2.

Tabnuus 2 — CrniibHUIN BIUIMB KOMIUIEKCHUX HAIIOBHIOBAYIB 1 OPraHO-MiHEPAJIbHUX J100aBOK
pi3HOro npusHaueHHs Ha BiactuBocTi CbC

JIMCIiepCHICTh HAlTOBHIOBAaYA Y BUTJISIII KBAPIIOBOTO IMiCKY
Hassa BimactuBocreii CbC

Sy):[ =200 CMZ/F Sy;[ = 3OOCMZ/F Sy):[ = 4OOCMZ/F

Max Min Max Min Max Min
MIiLHICTh Ha CTHCK
10,2 4.6 15,1 8,3 26,5 17,2
MiIHiCTh Ha PO3TAT IIPH 3THUHI 6,8 2,5 8,1 6,7 9,0 8,4

B pesynbTari mojanpliux JOCHIKEHb BCTAHOBIIEHO, 110 PO3po0ieHi ckiaaau OyaiBelbHOT
CyMIIlll Ha OCHOBI TilICOBOTO B’SKY4YOro 3 KOMIUJIEKCOM HAIlOBHIOBAaudiB Ta OPraHO-MiHEpaIbHHUX
KOMITO3HIIIH OTPUMaHi 3 MOJINIIEHUMH MOKa3HUKAMH SKOCTi1 10 3,6 pa3iB. YTBOpEHHS 3’€IHAHb
kanpuuty (CaCOs) 1 marne3uty (MgCOs) B kinbkocTi 5%, B docdorinci micias Bunairy mae 0yTu
MO3UTUBHUM (aKTOpPOM, IO BIUIMBAE HA MOKJIMBICTh OTPUMAaHHS TilICOBOTO B’SXKY4YOro i3
¢docdorincy I'-10 ta 6inblne, Takok MO3UTUBHO BIUIMBAE HA 1HINI BIACTHBOCTI.

BHCHOBKH i IepcneKTHBH NOAAJIBIINX J0CTiIAKeHb. DOCOOrinc A0LIBHO PO3IJIISLIAaTH HE 5K
BIJIXi[I, a sIK 0araTopyHKIIOHATbHY CHPOBUHY, BIIACTHBOCTI AKOI I[IJIECTIPSIMOBAHO HAIAIITOBYIOTHCS
MiJ KOHKpPETHI Oy[IiBeNbHI 3agadi — BiJ JOpIr OO MPOMHUCIOBHX OyAiBeNb 1 1HPPACTPYKTYpH.
3acTocyBaHHS KOMIUIEKCHOTO CHCTEMHOrO MIAXOAY MAJIs ONTUMI3alii peuentyp miJi KOHKpPETHI
eKCIUTyaTaliiiHi YMOBH HIABUILYE SIKICTh MaTepianiB 3 ¢pocdorirncy.

MonudikoBanuii pocdorinc xapakTepusy€eThes MiIBULICHOIO PEAKIIHHOI0 3AaTHICTIO Ta MOXKE
OyTH pEKOMEHJ0BaHU K CHPOBHHA /ISl BAPOOHUIITBA KOMIIO3ULIIHHUX T1IICOBUX B SDKYUHX, CYXUX
OyIliBeJIbHUX CyMIIlIeH, CTIHOBHX MaTepialiB Ta €JEMEHTIB JIOPOKHBOTO OJIATY, HAIPUKIIAJl, OCHOB
U1l HOKPUTTS AOPIT.
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DRY CONSTRUCTION MIXTURES BASED ON PHOSPHOGYPSUM MODIFIED
FOR MOTOR ROADS
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Abstract. The relevance of the disposal of phosphogypsum — an output of the chemical industry
— through the route of their processing in dry wastewater is shown. The disposal of technogenic waste
creates a unique opportunity for such important aspects as a significant reduction in financial investments
in the industrial activity of enterprises. Implementation of the primary activities of enterprises is of great
importance. On the basis of existing enterprises, subsidiaries with individual tasks are being developed,
which are evolving from the previous ones, which means they are seeing the development of new,
promising, "lighter" ones technology. The use of man-made waste will provide not only financial
savings, but also reduces costs for housekeeping and housekeeping. An important positive aspect is the
change in environmental impact on the atmosphere and water basin of the planet. Therefore, the massive
recycling of industrial waste is a key problem at the current stage of activity of industrial companies. The
variety of products made from technogenic phosphogypsum is economically viable. The effectiveness
of utilization of phosphogypsum as a high-acidity man-made product that is created in the process of
production of superphosphate minerals has been shown. During the process of heat treatment and
modification, dihydrous phosphogypsum is processed in a modified mixture; the sequence of
technological processes is broken down. A description of the processes has been carried out and a low-
energy technological process has been selected, which will ensure faster energy consumption and
resource savings. The stagnation of dry waste products has also been implemented. It is shown that of
dry building mixtures is a scientific product of high-tech factory processes, which allows increasing the
intensity and speed of road work while reducing the economical warehouse process. The results of
experimental research on the curing of modified phosphogypsum in milk berry for the preparation of dry
wake-up bags for the basics of road clothing are presented.

Keywords: technogenic waste, phosphogypsum, dry waste mixtures, energy-saving
technology, mechanical equipment for sleeping broom, drying and drying.
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AHorania. CtarTd npucBsdeHa aHajizy 30ipHO-MOHOJITHOTO OyJIBHUITBA B YKpaiHi, siKe
MO€IHYE MepeBaru 301pHUX Ta MOHOJIITHUX KapKaciB P LIbOMY MiHIMi3ye iX Heponiku. Came Tomy
301pHO-MOHOJITHI pillIeHHs 3a0e3MeuyoTh HEOOX1AHY HaAlMHICTh Ta €KOHOMIYHICTh CYy4YacHOIO 1
0co0JMBO TMiCHsABOEHHOro OyniBHMLTBA. HenocraTHii JOCBij 3BeAEHHS 301pHO-MOHOJITHHX
OyIiBeJIb aKTyasi3y€e MPAKTHYHY ampoOarlito KOHCTPYKTHBHUX Ta OpraHi3aIliiHO-TEXHOJIOTTIYHUX
pillIeHb.

BiamoBigHOo MeTa A0CTiHKEHB MOJIsTae B 0araToBapiaHTHOMY OpraHi3amiitHO-TeXHOJIOTTYHOMY
MOJICJIIOBaHHI Ta HOro MHOpIBHSAHHA 3 (aKTUYHUM IPOLECOM 3BEJEHHS EKCIIEPUMEHTAILHOIO
MaJIoNoOBEPXOBOro 301pHO-MOHOJITHOTO Oy IUHKY .

B nocnmipkeHHI 3aCTOCOBYBAIMCh Taki METOJIM SIK aHali3 HAyKOBHX JKepels, OyaiBelbHe
Oprasi3aliifHO-TEXHOJIOT1YHE MOIENIIOBAHHSI, aHaJ13 HOPMATUBHOI 0a3u BUTPAT Mpalli Ta MalTMHHOTO
qyacy, CIIOCTEPEKEHHS Ta XpOHOMETpaX OyJiBeNbHUX TMPOLECIiB MiJg Yac 3BEICHHSA
EKCTIEPUMEHTAIBHOTO Oy INHKY.

PesynbraTi AOCHIKEHHS MOJIATAIOTh B HACTYIHOMY. PeKOMEHIyeThcs AJsl opraHi3aiiHo-
TEXHOJIOTIYHOTO MOJIEIOBAaHHS 3BEJEHHS 301pHO-MOHONITHUX KOHCTPYKIIH BUKOPHUCTOBYBAaTH
akTyajdbHi HopMmatuBu Bix 2023 poky, a 3a HeoOXiIHOCTI 3AiliCHIOBaTH OaraToBapiaHTHE
MO/IEJIIOBAHHS HAa OCHOBI HOpMaTUBHOI 0a3u 3a octanHi 40 poKiB.

ExcniepumenTtanbHe OyJiBHHITBO KOTEIKY 3 po3mipamu B ocsix 14x10,5 m (pynmamenTtn
CTaKaHHOTO THITY, KOJoHH mepepizoM 0,3%0,3 M, mepekpuTTs 13 0araTomyCTOTHUX IUIUT) JTO3BOJIAIIO
BUSIBUTH BUPOOHMYI TPYAHOILI NPH 3BEJICHHI KapKacy Ta MOPIBHATH peaibHi 3HaYeHHS TPUBAJIOCTI
Ta TPYAOMICTKOCTI 3 HOPMATHBHMMHM IapamMeTpaMu. TpUBaJiCTh MOHTaXy LbOro 30ipHO-
MOHOJIITHOTO Kapkacy ckiana 9, 12 ta 24 pobouux 1HI 32 ONTHMICTUYHUM, PEATICTUYHHUM Ta
MECUMICTHYHHUM CIICHAPISIMHU BIITOBITHO.

Po3paxoBani mornpaBo4Hi Koe(illieHTH 10 HOPMATUBHUX 3HAYEeHb JUId (pOpMyBaHHS CliEHApiiB
MOHTa)XXy 30IpHO-MOHOJITHOrO Kapkacy. Ha MoxiauBl Qopc-mMakopHi CHUTyauii HEoOXiTHO
nepeadaynTu pe3epBy yacy B Mexax 1—4 THKHI.

Pe3ynbTatu AOCHIIKEHHS MOXYTh OYyTH KOPUCHUMHU ISl OaraToBapiaHTHOI'O OpraHi3aliifHo-
TEXHOJIOTIYHOTO MOJIETIOBaHHS 3Be/ICHHs 301pHO-MOHOJIITHUX Oy/IiBeNb PI3HOTO MPU3HAUYEHHS.

KurouoBi cjioBa: 30ipHO-MOHONITHUN KapKac, OpraHizaliiiHO-TEXHOJOTIYHE MOJIETIOBaHHS,
BUTPATH TIpari.

Beryn. Cranom Ha mcronan 2024 poky, BHACIIIOK BOEHHOI arpecii, CyKyIHi psiMi 30UTKH BijT
pyHHYBaHb Ta MMOLIKOKEHb 00’ €KTIB TPOMAJICHKOTO (3aKJIa I OCBITH Ta OXOPOHH 37I0POB’s1, KyJIbTYpHI
Ta aJMIHICTpaTHBHI Oy/iBii) Ta »HTJIOBOTO CEKTOPIB CKiIanaTh Omm3bko $16,3 ta $60,0 mup.
BIAMOBIAHO, a00 209 THC. — iHAUBIAyalbHUX Ta 27 THC. — OaraToOKBapTUpHUX OynuHKIB, 0,6 THC. —
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TECHNOLOGY AND ORGANIZATION OF BUILDING PRODUCTION

ryproxutkiB. Lle 3amummno 6e3 skutina 6auspko 3,4 muH ocid [1]. besnepepsHi Ooitoni aii B 2025
poIIi 3HAYHO 301TBIINIIN BKa3aH1 30UTKH.

MacmtabHi MOMIKOHKEHHST OY/IIBEIBHUX 00'€KTIB OOYMOBIIOIOTH TIOTPEOy y iX BIJHOBJIEHHI, a
TaKOXK AaKTyalli3yl0Th BUMOTH IIOJAO MiABHUINCHHA HAMIMHOCTI OyaiBenb IJIs MiHIMI3aIlil PH3UKY
HEKOHTPOJILOBAHOTO OOBasieHHs. B poOoTi [2] oOrpyHTOBAaHO aKTyalbHICTH (POpMyBaHHS MOAEII
BIJTHOBJICHHSI OCBITHBOI 1H(QPACTPYKTYpH, IO Oa3zyeTbcs Ha TNPHHIUNAX EHEproe(eKTUBHOCTI,
IHHOBAIIITHOCTI, aJalITUBHOCTI JI0 HOBUX 3arpo3 i MiIBUILICHUX BUMOT 10 O€3MeKu. A B J0C/IHKeHH [3]
PO3TIISIHYTI KOHCTPYKTUBHO-TEXHOJIOTIYHI 3aXOAM JUISl BiIHOBJICHHS OYJIWHKIB IUISIXOM 3BEIACHHS
HOBUX KOHCTPYKIIM Ha MiCIll 3pyHHOBaHUX 3 BUKOPUCTAHHSM MPOKATHUX MpO(iIiB, apMaTypH,
MOHOJIITHOTO OETOHY, LIETJIN Ta Ta300€TOHHUX OJIOKIB.

Jlns BHpIIIEHHS 3a3HAYEHUX 3aBIaHb aKTyalbHI 30ipHO-MOHOINITHI pimenus [4, 5], ski
3a0e3MeuyoTh MAaKCUMAaNIbHY 3aBOJICBKY Ta MOHTXXHY TEXHOJIOTIYHICTb, 1[0 TAPAHTY€E MiHIMAIbHY
BapTICTh BHUTOTOBJICHHS Ta MOHTaXy KOHCTPYKIiH. Aypke B 30ipHO-MOHOJIITHOMY KapKaci
CHIPOIIY€THCSI BATOTOBJICHHS KOJIOH 32 PaXyHOK BiJ]MOBH BiJl KOHCOJIEH K Y 30ipHHUX KapKacax, By3JI1
3'€JHAHHS KOHCTPYKI[ii BUKOHYIOTBCSI BIJHOCHO IIPOCTO, SIK B MOHOJITHUX KapKacax, Ipu LIbOMY B
30ipHO-MOHOJITHUX PIMICHHSX BiACYTHI onanxyOHi poOoTH siK y 30ipHUX Kapkacax abo omamxyOHi
poOOTH BHKOHYIOTHCS B MiHIMaIbHUX 0Ocsrax. Tomy 30ipHO-MOHOJIITHI PIlIEHHS TOKJIMKaHI
MOE/THATH TIepeBark 30ipHUX Ta MOHOJIITHMX KapKaciB MPH I[bOMY MiHIMi3yBaBIIH X HEIOTIKH [6].

AHai3 ocTaHHIX JuKepes AocaiukeHb i myoOaikamiid. B poOoTi [7] HaBomAThCS O4YEBUIHI
NepeBaru 3aBOJICBKOTO BUTOTOBJICHHS KOHCTPYKIIH: MiJBUIIEHHS MPOAYKTUBHOCTI, €()EKTUBHICTD
KOHTPOJIIO SIKOCT1, 3HI)KCHHS BUTPAT, CKOPOUYEHHS TEPMiHIB BUKOHAHHS POOIT, CYBOPIIITUN KOHTPOJIh
TEPMIHIB Ta BapTOCTi OyMiBHHUIITBA, aBTOMaTH3allis. ToMy OyAiBHUIITBO 31 301pHOTO 3ali300€TOHY
3a0e3neuye ekoHoMmito 110 20% Getony, 30% crani, 50% BuTpar mpari MOpiBHIHO 3 MOHOJITHUM
OyaiBaHIITBOM [8].

B nocnimkenni [9] 3ampornoHoBaHe CyTTEBE CKOPOUYCHHS TPUBAIOCTI IUKITY JIKBIAIlT HACIIIKIB
pyiiHyBaHb, 3aBISKU TPHCKOPEHHIO OpraHi3alliifHUX 1 po3paxyHKOBUX mpoueayp. B po6oti [10]
CKOPOYEHHSI TPUBAJIOCTI CTBOPEHHS OY/IBEIBHOTO O0'€KTa MOCATAETHCS 332 PAXYHOK TMEPEPO3MOILTY
(yHKIIIH, BCTAHOBJIEHHSI JIariB BUMEPEPKEHHS OKPEMHUX €TarliB Ta IX MaKCUMaJIbHOTO TTO€HAHHS Y Yaci,
e(peKTUBHUX 1 KOMIUIEKCHUX OpraHi3aliifHO-TeXHOJIOrYHUX pimieHb. B poboti [11] 3ampononoBana
MOJIeJIb 3BE/IEHHS 00 €KTa, sIKa ABJISIE COOOI0 CYKYTHICTh HOTOJHUX YMOB, METO/1IB 3BE/ICHHS KapKacy
1 MOHTQ)Xy HECYYHX 1 OTOPOJKYIOUMX KOHCTPYKILii, CyMiCHUX OymiBenbHUX mporieciB. B crarti [12]
HaBe/leHa MOJIeNIb aJanTalii ynpaBliHHS OyAiBeNbHHUM INPOEKTOM Y peajbHOMY uaci. 3a3HadeHi
Mozieni NoTpeOyIoTh anpoballii Ha IPaKTHIIL.

B po6ori [13] BiaMivaeThCs, 1110 Cy4acHi TEXHOJOTIT 3Be/IeHHsI Oy/1iBeIb OBUHHI 6a3yBaTHCS
Ha palioHaJIbHOMY pPO3pi3aHHI 30IpHUX KOHCTPYKIIN Ta €(pEKTUBHUX BY3JIOBUX 3'€JHAHHSX, IO
JI03BOJIUTH 3aCTOCOBYBATH METOJ] MPOCTOPOBOi camodikcallii, mpu skoMmy (ikcailis eJIeMEeHTIB
JIOCATAETHCS] BUKITIOYHO 32 PaXyHOK 3aMKOBHX (pikcaTopiB 0e3 Oyb-SIKUX YTPUMYIOUUX IIPUCTPOIB,
ajie MOTpeOyIOTh JOCHIDKEHHS PIIIEHHS A YCYHEHHS CYKYIHHMX BIJXWJICHb B MOHTa)KHOMY
nporieci. B cratti [14] cTBOopeHa cucteMa OOIPYHTYBaHHS TEXHOJIOTIYHUX MapaMeTpiB MOHTaXKHOI
OCHACTKH JUIsl MPHUMYCOBUX METOJIB MOHTaXy, Ta 3BEPTA€TbCS yBara Ha Te, II0 KOHCTPYKLIS
CTHKOBHX 3’€JIHaHb CYTTEBO BIUIMBAE HA TPHBAIICTH MOHTaXKHOTO Tporecy. B mocmimkenni [15]
BH3Ha4YeHO 0a3y HOPMATHUBHMX JaHUX 11 HOPMYBaHHS, SIKa JO3BOJIsIE BUKOHYBATH aHali3 MPOLECIB
NP 3aCTOCYBAaHHI PI3HUX KOMIUIEKTIB OCHAcCTKH. B po0oTi [16] 3 METOI MiIBUIIEHHS TOYHOCTI
MOHTaXXy KOHCTPYKIIIH 32 paxyHOK MpPaBMJIBHOTO (pOpMYBaHHsS 1 BUOOPY MOJYJiB OOMEXyBadiB i
¢bikcaropiB ans mocaaku 1 ¢ikcamii KOHCTPYKIiN g 30ipHOro OyAiBHUITBA Cc(hOpPMOBaHI
NEePEeIYMOBH Il €KCHEPUMEHTIB 3 TEXHOJOTIYHUM OCHAIICHHSAM JJIs OpieHTyBaHHS 1 (ikcarii
MOHTOBAaHUX KOHCTPYKIIi B mpocTopi. be3ayMOBHO mepenoBi METOIU MPOCTOPOBOi camodikcarrii
noTpeOyI0Th MOJANIBIION0 BAOCKOHAJICHHS Ta BIIPOBAKEHHS y OyNiBEIbHY MPAKTHKY.

B po6ori [17] HaromomyeThes, MO MOTPIOHO CBOEYACHO BUSIBIIATH TMOTEHINHI TTpoOiIemMHu,
3HMKYBAaTH PU3HKU MOPYIIEHHS rpadikiB, MiJBUILYBaTH €()EKTUBHICTh YIPABIIHCHKHUX pIllleHb Ta
3a0e3mevyBaTH HAJIGKHUN PIBEHDb SKOCT1 OyIiBETLHUX POOIT.

B nmocmimxenni [18] mnporecToBaHa MOAENb OLIHKA TEPMiHIB MOHTaXy 30ipHHUX
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3aJ11300€TOHHUX BUPOOIB, 110 3a0€3MEeUnII0 TPOTHO3HY 3AaTHICTh MOJIesl Ha piBHI 85,26%. Ane s
MOJIeNIb HE BPaxoBye came 301pHO-MOHOJITHI pimieHHS. ToMy MOLITBHO BHKOHATH JOCHIKEHHS
HOPMAaTHBHOI Ta ()aKTUYHOT TPUBAIOCTI 3BEACHHS 301pHO-MOHOITHOTO KapKacy.

IlocTaHoBKa MeTH Ta 3aBJaHHS. METOIO LBOTO JOCITI/KCHHS € BHSBICHHS MOXKIMBHX
pu3HUKiB Ta (AKTHYHOI TPHBAIOCTI 3BEJICHHS 30IpHO-MOHOJITHOTO KapkKacy Ha OCHOBI
EKCIEPUMEHTAIBHOTO Oy IIBHUIITBA OJTHOTIOBEPXOBOT'O KOTEIXKY.

JUi nOoCsITHEeHHsI TOCTaBIEHOT METH CPOPMYJIbOBaHI HACTYIIHI 3aB/IaHHS:

—BUSBUTH BUPOOHMYI TPYJHOIII NMpH 3BEACHHI KapKacy Ta IMOPIBHATH pealibHi 3HAUYEHHS
TPUBAJIOCTI TA TPYIOMICTKOCTI 3 HOPMATUBHUMH 3HAYCHHSIMHU,;

—BUKOHATH BapiaHTHE OPraHi3aliiHO-TEXHOJOTIYHE MOJCTIOBAaHHS 3BEJCHHSA 30ipHO-
MOHOJIITHOTO ~ KapKacy eKCIIEPUMEHTAJIbHOIO JKMTJIOBOTO  OJHONOBEPXOBOro OyJIMHKY 3a
ONTUMICTUYHHUM, PEATICTUIHUM Ta IECUMICTHYHUM CLIEHAPIsMHU,

—Ha OCHOBI 31CTaBJIeHHS 0araToBapiaHTHOTO OPraHi3aliifHO-TEXHOJOTIYHOTO MOJICTIOBAHHS Ta
pearbHUX 3HA4YE€Hb TPUBAJIOCTI poOIT po3paxyBaTH MOIMPABOYHI KOEQIIIEHTH IO HOPMATHBHUX
3HA4YCHb 7151 (POPMYBaHHS CIIEHAPiiB MOHTaXy 301pHO-MOHOJIITHOTO KapKacy.

Marepianu Ta MeTOAM IOCJTiIKeHHS] BKIIOYAIHU: 3arajbHOJIOTIYHI — aHalli3, y3arajlbHEHHS,
aHaJoris Ta aOCTparyBaHHs; €MIIPUYHOIO JOCIIKEHHS — CIOCTEPEXKEHHs, EKCIIEPUMEHT, OIUC,
BHUMIPIOBaHHS Ta MOPIBHAHHS; TEOPETHYHI — iAeani3allis Ta ¢popmaizaris.

OcHoBHMIi MaTepiaa i pe3yabTaTH. HesBakarounm Ha e€QeKTHBHICTH 301pHO-MOHOJITHUX
pillieHb, BOHM HE MAlOTh JOMIHYIOUOTO MOJIOKEHHS HA pUHKY YKpainu. Lls cutyarisi oOymoBieHa
BIJIMOBITHOIO TIEPEAICTOPIIO MUTAHHS. Y PAaISHCHKI YaCH OCHOBHMM HArojloc poOwsd Ha OyiBii 3i
30ipHOTO 3a1i300€TOHY B KapKacHOMY a00 MaHEIbHOMY BapiaHTax, IO TapaHTyBaJlO MiHIMAJIbHY
BapTICTh Ta TpuBaJicTh OyaiBHUITBA. [licis po3Bany Pamsacekoro Coro3y Ta aganTarlisi 10 HOBHX
YMOB TIpU3BeJa 0 BiIMOBH BiJl MACOBOTO MAaHEIBHOTO Oy [IBHUIITBA.

BaxiuBo BIA3HAUMTH, [0 CYyYacHI INPOEKTH IMaHEIbHUX OyliBeldb XapaKTepU3yHOThCs
apXiTEeKTypHOIO BHUPA3HICTIO, MPOCTOPHUMU KYXHSAMHM Ta CaHBY3JaMH, JOCTaTHbOK BHCOTOIO
npuMilleHb. BianosinHo, ko Oyae morpeda y HEAOPOrOMYy MAaCOBOMY COLIaJbHOMY >KUTII, TO
MOJIMBUH PEHECaHC TMaHeNbHOro JoMoOyniBHUITBA. llinkpeciumMo came PO MOXKIMBICTH
peHecaHCcy TMaHEeNbHUX OyJMHKIB, TaK K 1€ 3a PaJSHCHKUX YaciB OyJI0 JOBEIEHO, IO BapTICTh
MaHeIbHOro OYyAMHKY NPUOIU3HO JOPIBHIOE BapTOCTI LEMISHOrO OYIMHKY, ajie 4yepe3 BHIILY
HIBUAKICTh OYy/NIBHMIITBA came MaHENbHI OyJUHKM 1 OyJIM MPUMHATI SK MaricTpaibHUNA Hampsm
KHUTIOBOTO JIOMOOYAiBHHIITBA. TOMy Ha ChOTOAHI BKpail 3aTpeOyBaHi 06araTonoBepXOBi LETJIsHI
OyIMHKHM 3i 30ipHEMH MEPEKPUTTAMHE, a/Ke BapTicTh | M? KWTNA y HerasHoMy OyauHKy B 1,5 — 2
pasd HIWXKYE, HDK Yy MOHOJITHOMY J>KUTIOBOMY OyauHKYy. | Haromocumo, mo came 30ipHi
0araTomyCTOTHI IJIMTH 3a0e3MeuyloTh MiHIMAJIbHY BapTICTh MEPEKPUTTS, M0 N BHU3HAYUIO
30epexeHHsT Ta MOJIEPHi3allil0 BUPOOHUYMX IMOTY>KHOCTEH 3 IX BUTOTOBJICHHS, HE3BAaXAIOUM Ha
Mmacose 3akpuTTs [IBK (1omM0o0yniBHUX KOMOIHATIB).

TakuM 4MHOM, HE3HAYHE MOIIMPEHHS 301pHO-MOHOJITHUX pillleHb y OyZiBeNbHIN MpaKTHLl
VYkpaiau nossirae B TOMy, 10 HEBEJIMKA TOTpeda y HOBUX COIIaIbHUX 00'€KTaxX (AUTCAAKH, ITKOIH
TOII[0) 3yMOBJIIO€ HU3bKY NMOTPeOy y 301pHUX Y MOHOJIITHUX KapKacax, a JUIsl HEZ0POro KUTJIOBOTO
OyIIBHUIITBA € aJbTEPHATUBA Y BUIJISAL UETISHUX OYAUHKIB 31 30ipHUMU nepekpuTTsaMu. OnHak, 3
ypaxyBaHHSIM aKTyaji3alii MiJBUILIEHUX BUMOI IIOAO0 HAAIHHOCTI OyIiBesb 1 CIIOpy., BHACTIIOK
JIoCBiqy OOHOBMX i came 30ipHO-MOHOJMITHI PIMICHHS JO03BOJIATH 3a0€3MEeUnTH HEOOXIiIHY
HaQAIMHICTh Ta €KOHOMIYHICTh OYJIiBHHITBA. 3 METOIO ampoOarlii Takux pilieHb OyJI0 BHKOHAHO
3BE/ICHHS €KCIIEPUMEHTAIBHOTO KMTIOBOIO 301pHO-MOHOJITHOrO Oy/AMHKY y HepeamicTi XapKoBa
(puc. 1). BynuHOK mpsiMOKyTHOI (opMu B miaHi 3 po3Mipamu B ocsix 14x10,5 m. KoHcTpykTHBHA
cxema — pamHa. 30ipHi (pyHIAaMEHTH CTaKaHHOTO TUITy po3Mipamu 2,1x%2,1 ta 1,7%1,7 M. 306ipHi
kosoHu nepepizom 0,3x0,3 M 3 po3puBamMu OETOHY Il 3aMOHOJIIUyBaHHs pureniB. Hecydi pureni
niepepizom 300x630 mm, Herecydi — 300x530 MM, mpuyomy 30ipHa yactuHa nepepizamu 300x400 Ta
300300 MM BiamoBimHo. Ilepexkpurrss — 30ipHiI i3 3a7i300€TOHHMX O0araTomyCTOTHHUX IUIMT
3aBTOBIIKK 220 MM.
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Maowa 3abyaosu 161 m2

Naowia Gyannky 136 m2

Maowa repack 27.7 M2
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SIk 3asHavanocs y gochimkenHi [19] mis 36ipHO-MOHOMITHOrO OYAIBHHIITBA BIiACYTHI
crieniajgbHi HOPMaTHBH, a ICHYIOTh HOPMU OKPEMO /IS 30ipHUX Ta MOHOJIITHUX KOHCTpYKIii. Kpim
TOTO, JIJIsl ICTAJILHIIIOTO MOJICIIIOBAHHS Oy 1IBEIbHUX MPOIIECIB BUKOPUCTOBYIOTHCS [ 'amy3eBi HOpMH
yacy Ha Oy/iBesbHI, MOHTaXHI Ta PEMOHTHO-OyZiBelbHI POOOTH, SKUX HEMae i 30ipHUX Ta
MOHOJIITHUX KOHCTpyKIii. [Ipu npomy ["amyseBi Hopmu € akrtyamizaniero EHuP (€xuni Hopmu 1
Po3uinkm), 3aTBepakenux me B 1986 poui, Tomy cratyc EHuP B Ykpaini Ha cboro/iHi He BU3HaU€HO
(He akTyanpHUN Ha TepUTOPii YKpainu y 3B 3Ky 3 HaOyTTssM unHHOCTI JIBH /[.1.1-1-2000 Ta 3MiHOMI0
METOJMKH KOIITOPHUCHUX PO3PaxyHKIB), OCKIJIBKH 3 OJHOrO OOKY BiH 3acTapiB, a 3 IHIIOIO OOKY
HEMa€ BITYM3HAHOIO aHajora. BianoBiHO, PEKOMEHIYETbCS BHUKOHYBaTH OprasizaliiHo-
TEXHOJIOTIYHE MOJETIOBAHHs Ha IMiJCTaBl aKTyadbHUX HOpM Bix 2023 poky, a TakoxX 3iHiCHIOBATH
OaratoBapiaHTHE MOJICITIOBaHHS 3 BUKOPHCTAHHSIM HOPMATHUBHOI 0a3u PI3HUX POKIB 13 BUSBICHHAM
ONTUMICTUYHOTO, PEaiCTUYHOIO, IMECUMICTMYHOIO CIIEHApiiB BHKOHAHHA OKpPEMHUX pOOIT Ta
3BEJICHHsI 00'€KTa 3arajaoMm.

3 ypaxyBaHHSM BUIIICHABEICHOTO, Ui 0AaraToBapiaHTHOTO OPraHi3aIlifHO-TEXHOJIOTTYHOTO
MOJIE/IOBaHHA Oy/JeMO BHUKOPUCTOBYBaTH akTyanbHi KomropucHi Hopmu Ykpainu PecypcHi
€JIEMEHTHI KOIITOPUCHI HOpMHU Ha OyniBenbHI poOOTH beToHHI Ta 3a1i300€TOHHI KOHCTPYKIUT
monoutiTHI (30ipHuk 6) (PEKHO) Ta betonHi Ta 3ami300eTOHHI KOHCTPYKIIii 30ipHi (30ipHUK 7) Bix
2023 poky. A takoxx EHuP 36ipauk E4 Bum. 1 Bynisni i mpomucinosi criopyau Bix 1986 poky.

[TopiBHSHHS (paKTHUYHOI Ta HOPMATHBHOI TPYJAOMICTKOCTI HaBeaeHO B Tabmuil 1. Ilpu domy
BpPaxoBaHO, L0 NPU BUKOPUCTAaHHI aBTOKpany Hopmu EHuP muoxwmuce wa 1,1 (TYU-1) Ta npu
obaniTyBaHHi onainyOKy 3 OKpeMux aoimok — Ha 1,25 (TU-1).

Pi3Huisg Mixk HOpMaTHBHUMHU Ta (PAKTUYHMMHU MOKa3HUKAMHM MpeacTaBiieHa y Tabmmui 2. Sk
BUIUTMBAE 3 TaOuIli 2 (akTuyHa TPYIOMICTKICTH 1 MAIIMHOMICTKICTh MOHTaXy (yHIaMEHTIB
BUSIBUJIACS MEHIIOKO 32 HOpMAaTUBHY B 4-7 1 3-6 pa3iB BiinmoBinHO. A 1715 KOJIOH —y 2-4 Ta 1,2-2 pa3u.
Tomy pobotu 3 MOHTaXXY (DYyHIaMEHTIB 1 KOJIOH MOKHa HOpMyBatH sk 3a EHuP Tak 1 mo PEKHGO, 1
OTpHUMAaTH 3anac (pe3epB) 3a 4aCOM.

@dakTU4YHA TPYAOMICTKICT MOHTaXy PHUIeIiB 1 IJIUT MEPEKPUTTS BUSBUIIACS MEHILIOKIO 3a
HopMmatuBHy B 1,1-2,4 1 1,5-5,6 pa3ziB BianoBigHo. PakTHYHA MAIIMHOMICTKICTH OyJla MEHIIOIO 3a
HopMatuBHy o PEKHO6 B 1,2 1 1,8 pa3iB ans puresnis 1 IJIUT, ajie Oiibina 3a HopMaTuBHy 3a EHuP B
2,2 1 1,7 pasiB BignoBigHo. ToMy BUTpaTH Mpalli 3 MOHTAXy PHUTETIB 1 IUIUT MEPEKPUTTS MOXKHA
HopMyBaTH sk 32 EHuP tak 1 3a PEKHO6, a mammnomicTkicTe HopmyBaTh 32 PEKHGO.

daxkTHYHAa TPYIOMICTKICTh OMalyOHMX Ta apMaTypHHUX poOiT BusiBmiacs y 2-4,3 ta 3,7-9,5
pa3iB OUIBIIOI TOPIBHAHO 3 HOpMaTHBHOIO. ToMy pexkomeHayeThcsi HopMmyBatu 3a PEKHO Ta
301IbIIYBAaTH BUTPATH y 2 Ta 4 pa3u i ONAIyOHUX Ta apMaTypHUX POOIT BiIOBITHO.

@dakTU4HA TPYJOMICTKICTH OETOHHMX pOOIT BUsiBMIacad Ha 7—21% MEHIOI0 32 HOPMAaTHBHY,
aJie MalIMHOMICTKICTh Oyna Buioro B 1,8-2,6 pasiB. Tomy pekomeHyeTscsi HopmyBatu 32 PEKHO
Ta 30UTBITYBAaTH BUTPATH MAIIMHHOTO Yacy y 2 pasu.

OTtxe, OuTbLIICT POOIT, a caMe MOHTaX (PyHIaMEHTIB, KOJIOH, PUTENIB, TUIUT MEPEKPUTTS,
OCTOHYBaHHS, BHUKOHYBAJIWCh MIBHIANIC HIK 32 HOPMATHBHUMH 3HA4CHHSMHU. AJle BHACIIIOK
CKJIaTHOCTI TPOBEIEHHS ONAIyOHUX Ta apMaTypHUX pPOOIT BOHM BUKOHYBAJIMCH JIOBIIE HIX
HOpMaTUBHA TpUBaJicTh. CaMme CIPOIIEHHS ONaTyOHUX Ta apMaTypHUX POOIT 1I03BOJIUTH CKOPOTUTH
TPUBAJICTh 3BEACHHS KapKacy. 3acTOCyBaHHS HE3HIMHOI OMNalyOKW JI03BOJISE MiJABHUIIUTH
TEXHOJIOTIYHICTh OManyOHUX poOiT, M0 3a3HadaeThcs 1 B poborax [20-23]. IligBuieHHs
e(EeKTUBHOCTI apMaTypHHUX POOIT JOCATAETHCS 32 PaXyHOK ITPOEKTYBAHHS BiAMOBIHOIO apMyBaHHS
BEPXHBOI YACTUHH PHUTEIIS Ta apMYBaHHS BY3Jy PUTEIb-KOJIOHA.

[Tpr MOHTaXi Kapkacy 3aCTOCOBYBAJIHMCS THMYAcOBI CTIMKH JJIi pUTETiB Ta KOHIYKTOPIB 3
KYTHKIB JIJIsl CIUPaHHS PUTEIiB Ha KOJIOHU. B mocmimkenHi [24] po3poOieHHi JerKi pUIITYBaHHS Ta
HaBeJIeHA IIBHUJIKICTh MOHTaXXy Ta AEMOHTaXy pUIITyBaHb Ha 100 M2, a came: TpanuuiiHi 24 ta 16,
Moy ibHI 12 Ta 8, MoOinbHI 8 Ta 6, aBTOMaTH30BaH1 cuctemu 10 Ta 7 TOJWH BiMOBITHO.
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Tabmuus 1 — [opiBHSIHHS ()aKTUYHOI Ta HOPMATUBHOI TPYAOMICTKOCTI MOHTaXy KapKacy OyJIHUHKY

T . . JIFO—TOZ,
on. Hopma uacy dakTryHa PYIOMICTKICTE, *= =
BUMIPY Maui- Crnan .
Ne |HaiimMenyBaHHS mORTON| L | O6eaAr| TAaHKH 32 Tpusai- K61J1. o HOpMa
EHuP | EHuP | EHuP EHuP ctb, rox | POOO aKT
PEKHG | PEKHG | PEKH6 0N EHuP | PEKHO
1 entem 1,76 10,583 6 [momtdp-1,
YcraHoBKa 278,4 1123,54 3p-1, 17,16 28,8
1 ! 2 2 4 —_— —
¢dhyHmamenTy 100 e 2,2 | 0,737 3 2p-1; mam 5,71 13,1
403,1 | 190 6p-1
1 xon | 2,42 | 0,605 MOHT 5p-1,
YcTaHOBKa 9 4p-1, 3p-1, 21,78
5 |KomoH 100 wr| 600,3 |105,71 2p-1; maim 45 3 135 5,45 54,03
6p-1 9,52
BeTO'HyBaHHﬂ | ctuk| 0,81 g [MonT 4p-1, 7.29
CTHKIB 3p-1
len | 1,54 |0,308 MoHT 5p-1,
3 |Yeranoska oq |4P°L 3p-2, 6 5 33 36,96 77,95
pI/IFeHiB 100 wr| 324,8 | 85,49 213'1; Mar 10,5 7,39 20,52
6p-1
v len | 0,792 0,198 40 P;OHZT 3p-i, 31,68
KJIaJKa TUIHT p-2, 2p-1; =
4 100 mr| 379,9 | 60,55 mart 6p-1 6,5 5 27 7,92 151,96
BeronyBaHHs MOHT 4p-1 7 24,22
. 100m| 6,4 1,68 ' 10,75
IIBIiB 3p-1
30upanHs Ta 1 2 0,475 0nq [TecHAp 4p- 10,5
po30upaHHs 0,22 |1, 2p-1. 8 4,86 3226
5 |60Kk0BOI Pos6opka: 8 3 66 W
onany6xu 100 m3|488,72| 9,89 | 0,066 |Tecsp 3p- 6 ’
MEPEKPUTTS 1, 2p-1
22,5 0,076
18,5 0,265
’ ; 65,35
6 [MPMYBMIA | yr [T 1g 0571 [P | 70 3 240 | 2508 | >
p 10 1,047 p-L, 2p 0,764
33,36 | 0,39
Beronypanms | 1m® | 14 GeToHsp
i 8 - - 21 17,63
7 |purexnis 100 m°|150,13] 25,87 1174 4p-1, 22p _12 2é5 3 165
IMonaua 6etony | 1 m® | 0,388 | 0,184 Taken =p-z, 2,16 3,04
Mmam 6p-1

Tabmuus 2 — PisHuLg MiXk HOpMAaTUBHUMU Ta GakTHUHUME (puitHsTO 32 100%) 3HAYCHHAMHU
TPYJIOMICTKOCTI Ta MallTMHOEMHOCTI 3BeJICHHS 301pHO-MOHOJIITHOTO KapKacy MaJIOTIOBEPXOBOTO

OyAuHKY
Tpyaomictkictb, % ManuHoeMHICTb, %
Ne | HaiimenyBanns | OO6csr daxr HOpMa (axr HOpMa
EHuP | PEKHO EHuP | PEKHO

1 | dyngameHt 9 mr 429 720 285 655
2 | Komnonun 9 mr 215 400 121 211
3 | Pureni 24 mt 112 236 45 124
4 | Ilnutu 40 100 157 563 100 59 179
5 | Onany6xa 22 M 23 49 - -
6 | ApmyBaHHS 2T 10,5 27 - -
7 | betonyBanHs 12 M3 127 107 39 55

Ha migcraBi manumx Ttabmumps 1 Ta 2 chopMyeMo ONTHUMICTUYHUHN, PpeaNiCTUYHUN Ta
MeCUMICTHYHHUM CIIeHapii MOHTa)XXy 301pHO-MOHOJIITHOTO KapKacy OyAMHKY NMPHU BUKOHAHHI POOIT B
onHy 3MiHy (Tabmurs 3).
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Ta6muus 3 — OnTumicTuyHu (0), peanicTuIHu# (p), IECUMICTUYHUH (T1) CIIeHapii MOHTaXy
KapKacy OyAMHKY

Ne | Haiimenysanss CI_IG.:\P'Ia- O6csr Tpya., | Mam., | Kinsk. TpI/IBaJ'Ii.- [MuToma HaﬁiMqBipHima}
piit JIFO/I-3M | MaI-3M |po0, 0| CTh, AHI | Bara, % | TPHBAJIICTD, IHI
MoHTaX CTOBII. o 0.5 0,25 2 0,25 3
1 Pa— p 9 mr 2,25 0,75 3 0,75 6 1
I 5 1,65 4 1,25 5
0 1,8 0,6 3 0,6 6
2 |MoHTaX KOJI0H p 9 mt 3,6 0,7 4 0,9 8 1
i 10,2 1,2 6 1,7 7
0 4 2 2 2 22
3 |MoHTax pureinis p 24 mr &) 1 &) 1 8 2
I 14 2,6 7 2 8
MOoHTaX IIIUT ° 3,4 L7 2 L7 18
4 HepeKp p 40 1t 5,2 1 4 1,3 11 2
) I 28,2 3 6 4,7 20
0 o 0 2 0,1 2 1 11
5 p:;gﬂ H p | 22v| 825 0,1 3 275 23 2
i 12 0,1 4 3 13
ApMyBaHHS 6 0.1 2 3 32
6 prrenis p 2T 16 0,1 4 4 33 4
I 30 0,1 3 10 42
BeronyBanHs 3 2,1 0.3 3 0.7 8
7 pHreni p 12 ™ 2,6 0,3 2 1,3 11 2
n 4,4 0,4 4 1,1 5
3arajioM MOHTaxX 9 2 20 > 9
Kapiacy p 300 m 43 4 12 100 % 14
I 104 9 24

Sk BumimmBae 3 Tabmumi 3 TPUBANICTh MOHTaXy 30ipHO-MOHOJITHOTO  Kapkacy
€KCIIEPUMEHTAJILHOTO )KUTIIOBOIO OJJHOIIOBEPXOBOro OyAMHKY ckiana 9, 12 ta 24 pobounx AHIB 3a
ONTHUMICTUYHHUM, PEATICTUYHUM Ta MECUMICTUYHHUM CIIEHApisSIMH BiAMOBiAHO. Buxoauts, 1mo mnpu
BUKOHAHHI POGIT y /IBi 3MiHM OHOTIOBEPXOBM OyAMHOK miomero 150 M? MOXHA 3MOHTYBAaTH 32
OJIMH-JIBA THXKHI, 10 30iraeThCsi 3 JAHUMH IHIIMX JIOCITIJHUKIB, TaK, HANMpHUKIan, B podoti [13]
3a3HAYAETHCA, MO KOpobka OyauHKy mromero 100 M2 3Benena nporarom 10 HIB 6puranom i3 4-x
oci6. IIpore, Kapkac eKCIIepUMEHTAIBLHOTO OYAMHKY 3 HU3KM BUPOOHUYUX TPYIHOIIIB, (PaKTUIHO
3MOHTYBAJIY 3a 7 THKHIB, TOOTO Ha JIBa THIKHI JIOBIIE, HIK 32 TIECUMICTUYHUM CIIEHAPIEM.

Takox MoTpiOHO BpaxOByBaTH, 1110 B YMOBAaX BiiiCbKOBOI'0 CTaHy HOTPiOHO CTBOPIOBAaTH O€3MeyHi
YMOBH JIJIs TIPAIIIBHUKIB Ha Oy TIBETPHUX MaiIaHIMKaX, IIUITXOM Tepeo0aJHaHHs HasIBHUX JI1(hTOBUX
IIaXT, Mi3eMHUX NPUMILIEHb Ta IHIIMX YacTUH OyaiBesnb Ha Oe3meuHi yKputTs [25]. Kpim mporo,
MOJKJIMBI BIAXWIEHHS (DaKTUYHOI TpUBAIOCTI OYAIBHUIITBA, SIKI OOYMOBIIEHI IHIIMMHU (aKTOpamH,
HalMpHKIIaJ, MPOCTOIMHU POOITHHUKIB y 5%, 3MiHAMU TMPOEKTY B IMpOIECi BUKOHAHHS poOiT y 24%,
MOPYLIEHHSMH TEXHOJIOT1i BAKOHAHHS poOIT y 2%, HU3bKUM PIBHEM OpraHi3allii mpari Ta BUpoOHUIITBA
y 16%, HeBumpaBaaHOI KOHIIEHTpALI€l TPYIOBUX pecypciB y 17%, XBOpoOoOr pOOITHHMKIB Ta
BUPOOHUYMM TpaBMaTU3MOM y 3%, poryjaMu Ta BiImycTkamu y 5%, mpoctosMu GppoHTy poOiTy 28%
BUITa/IKaX 301IbIIYBAIN POSKTY TPUBATICTH Oy 1iBHUIITBA [26].

3 ypaxyBaHHSIM BHILIEBHUKIIAJIEHOTO 3HANJEHI MOMPaBOYHI KOE(DIIIEHTH 10 HOPMATHUBHUX
3HAYeHb Ui (POPMYyBaHHS CLEHAPIiB MOHTaXy 30ipHO-MOHOJIITHOTO Kapkacy (Tabmuus 4). AHai3
(bakTopiB, SKI BIUIMBAIOTh HA BIAXWICHHS (DAKTUYHUX 3HAYCHBb TPYIOMICTKOCTI Ta MalTUHOBUTPAT
3BeJICHHsI 301pHO-MOHOJITHOTO KapKacy BiJl HOPMAaTUBHUX ITapaMeTpiB HaBEACHO B TaOIUIIL 5.
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Tabmuus 4 — IlonpaBo4Hi Koe(ilIEHTH 10 HOPMATUBHHUX 3HAYCHB 711 (HOPMYBaHHS CIIEHAPIiB
MOHTaXy 301pHO-MOHOJIITHOT'O KapKacy

Ne | Haiimenysasms poGit Hopmu o [TonpaBouHi KoeilieHTH 10 Hopmu o
TPYAOBUTPAT | TPYJIOBHTpAT | Mall-BUTpAT Mali-BUTpaT
1 MoHTax (yH/IaMEHTIB EHuP Tta 0,15-1 0,17 -1 EHuP ta
2 MoHTaX KOJI0H PEKHG 0,25-1 05-1 PEKHG
3 MoHTaXX pureniB EHuP Ta 0,42 -1 08-1
4 MoHTax It PEKHO 0,18-1 0,56 -1
5 Onany6Hi poboTn 1-43 1-2 PEKHO
6 ApwmarypHi pobotu PEKHO6 1-10 1-4
7 beronyBaHHs pUrenis 08-1 1-2
. B 3anexnocti Bl 0cOOMMBOCTE 00’€KTy, ajne
Butparu yacy Ha ¢opc-MaKOpHi CUTYyaIIii
HE MEHIIIE OJHOI0 THXKHSI

Tabmuus 5 — AHaui3 BigXwieHHs (aKTUYHUX BUTPAT Mpalli Ta MaIIMHOBUTPAT 3BEICHHS 301pHO-
MOHOJIITHOTO KapKacy BiJl HOpPMaTHBHUX MapaMeTpiB

DaKkTopH BIIXUICHHS DakTopy BIIXUICHHS
Ne IpyHoMicTKOCTi koed. 3a | HaliMmeHnyBaHHs poOiT | koed. 3a MaIHHOBUTpAT
tabi. 4 tabi. 4

1 2 MOHT. 3aMICTb 3 0,15-1 | Monrax ¢yngamentis | 0,17 -1 )
2 3 MOHTaKHHKA 0,25—-1 | MoHTaX KOJIOH 05-1 CyHdacHl kpaHn Ta
3 3aMICTb 5 0,42 —1 | MonTax purenis 08-1 pescpBi Hacy 'y
4 3 MOHT. 3aMicTb 4 0,18 -1 | MoHTaX WINAT 0,56 -1 HopmMax
&) . . 1-4,3 | Onany6Hi poboTH 1-2 . .
5 CKJIQ/IHICTh PillleHb 1-10 | Apmarypsi pobor 14 CKJIQ/IHICTD PillIeHb
7 cynacte 0,8 -1 | beronyBaHHs puremniB 1-2 HE3PYHHICTD

o0agHaHHA VIIUTbHEHHS

Taxum yMHOM, [T Oy JiBHUIITBA MUIOTHUX 301pHO-MOHOJIITHUX 00'€KTIB pEKOMEHIYEThCS IS
OpraHi3alifHO-TEXHOJIOTTYHOTO MOJIEIIOBaHHS BHMKOPUCTOBYBaTH 4YHMHHI KomTopucHi HOpMHU
VYkpainu, PecypcHi eleMeHTHI KOIITOPUCHI HOpMU Ha Oy[iBenbHI poOoTH, beToHHI Ta 3a1i300€TOHH1
koHCcTpyKuii MoHoMiTHI (36ipHuk 6) (PEKHOG) ta beronni Ta 3aii300€TOHHI KOHCTpYKLii 30ipHI
(36ipHuk 7) Bix 2023 poky. Kpim Toro, ans onamyOHHX Ta apMaTypHUX poOOIT CIiJ BpaxOBYBaTH
MO>KJIUBE 30UIBIIEHHS TPUBAJIOCTI BHACIAOK CKJIaIHOCTI apMyBaHHSI BEPXHbOT YACTUHU PUTENIB Ta
TPYAHOILIB ONayOHUX poOiT. TakoK MOMIJIMBI MOIIKOIKEHHS 301pHUX KOHCTPYKLINA, TOMUJIKH Y
BHUKOHAHH1 poOiT Ta iHII (hopc-MakOpHi CUTYyallii, Ha AKi TaKOX HEOOX1AHO nepeadaynuTH pe3epBU
Yyacy HE MEHIIE OJJHOTO THXKHA. Pa3oM 3 MM € MOXJIUBICTh BUKOHAHHS pPOOIT MEHIIOK KUIBKICTIO
poOiTHHKIB. Y Mipy nenani OUTHIIOTO BIPOBA/KEHHS TMOMIOHUX pIlIeHb, 301IBIICHHS JIOCBiNY,
1ABUILEHHS TEXHOJIOTIYHOCTI, TPUBANICTh OyAIBHULITBA 00'€KTIB Oy/ie MiHIMI30BaHa.

BucHoBKHU:

1. Ilpu 3BeneHHI €KCHEPUMEHTAILHOrO OYyJIMHKY BHSBJICHI BHPOOHMYI MpOOIEMH 30KpeMa
TIOB’s13aHi 31 CKJIQJIHICTIO ONallyOHHX, apMaTypHUX Ta O€TOHHUX po0iT. PekoMeHnatlii 3 BUpIIIEHHS X
npoOsieM TOJIATaloTh TOJOBHMM YHHOM Yy MiJBHMIIEHHI TEXHOJOTIYHOCTI BY3IiB, HANpPUKIAA, Y
CHPOILIEHHI apMyBaHHsI Ta BUTOTOBJIEHHS PUTEIIiB, SIK1 HE TOTPEOYIOTh BCTAHOBJICHHS O1YHOT OMaTyOKH.
[lopiBHSIHHA peaJbHUX 3HA4Ye€Hb TPHUBAIOCTI Ta TPYIOMICTKOCTI 3 aKTyalbHUMU HOPMAaTHBHUMHU
napamerpamu Big 2023 poky Mmokasao o 3BEJACHHS €KCIIEPUMEHTAILHOTO OyIWHKY BUKOHYBAIUCH
HIBU/IIIE HIK 32 HOPMOIO, 32 BUHATKOM OINATyOHHUX Ta apMaTypHHUX POOIT.

2. Ha migcTaBi BapiaHTHOTO OpraHi3allifHO-TEXHOJIOTIYHOTO MOJIEIIOBAHHS, TPUBAJICTh
MOHTaXy 301pHO-MOHOJITHOTO KapKacy eKCIePUMEHTAILHOTO KUTIIOBOTO OJJHOMIOBEPXOBOT'O OYAUHKY
cknana 9, 12 ta 24 pobounx JHIB 32 ONTUMICTUYHUM, PEATICTHYHUM Ta MECUMICTHYHUM CIIEHAPISIMH
BiAnoBigHO. [IpoTe, 3 HU3KKM BUPOOHMYMX TPYTHOILIB, (JaKTUYHO KapKac 3MOHTYBAIM 3a 7 THIKHIB,
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TOOTO Ha JIBa THOKHI JIOBIIIE, HIXK 3 MIECUMICTUYHUAM CIICHAPIEM.

3. 31 3icraBineHHs OaraTOBapiaHTHOTO OPTaHI3aI[lfHO-TEXHOJOTIYHOTO MOJICTIOBAaHHS Ta
peanbHUX 3HAYCHb TPUBAIOCTI pOOIT po3paxoBaHi MOMPaBOYHI KOe(DIlliEHTH 10 HOPMATUBHHUX 3HAYCHb
it opMyBaHHS CIIEHAPITB MOHTaXy 30ipHO-MOHOJIITHOTO Kapkacy. JlJis omaayOHHUX Ta apMaTypHUX
POOIT CI1ii BpaXOBYyBaTH MOKIIMBE 301IbIIEHHS TPUBAIOCTI BHACIJIOK CKJIaJHOCTI apMyBaHHS BEPXHbO1
YaCTUHM pUreniB. TakoK MOKIIMBI IOMIJIKY Y BUKOHAHHI poOIT Ta iHII (hopc-MaXOpHI CUTYaIlii, Ha sIKi
HEoOX1THO Iepen0avunuTH pe3epPBH Yacy.
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Abstract. The article is devoted to the analysis of precast-monolithic construction in Ukraine,
which combines the advantages of both precast and cast-in-place frame systems while minimizing
their drawbacks. For this reason, precast-monolithic solutions ensure the reliability and cost-
efficiency required for contemporary and especially post-war reconstruction. The limited practical
experience in constructing precast-monolithic buildings highlights the need for real-world testing of
structural and organizational-technological solutions.

The aim of the study is to perform multivariate organizational-technological modelling and compare
its results with the actual construction process of an experimental low-rise precast-monolithic building.

The research methodology includes analysis of scientific sources, construction organizational-
technological modelling, examination of labour- and machine-hour regulatory standards, as well as on-site
observation and time-tracking of construction processes during the erection of the experimental building.

The study produced the following results. It is recommended that organizational-technological
modelling of precast-monolithic structures be based on current 2023 regulatory standards, with the option
of applying multivariate modelling using regulatory frameworks from the past 40 years when necessary.

The experimental construction of a cottage with dimensions 14x10.5 m (socket-type
foundations, 0.3x0.3 m columns, hollow-core slab floors) revealed production challenges during
frame erection and enabled a comparison between actual and regulatory values of construction
duration and labour intensity. The duration of erecting this precast-monolithic frame amounted to 9,
12, and 24 working days under optimistic, realistic, and pessimistic scenarios, respectively.

Adjustment coefficients to normative values were calculated to support scenario-based
planning for the erection of precast-monolithic frames. To account for possible force-majeure
conditions, time buffers of 1-4 weeks should be provided.

The results of the study may be useful for multivariate organizational-technological modelling
of precast-monolithic buildings of various types and purposes.

Keywords: precast-monolithic frame, organizational-technological modelling, labour costs.
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BHUMOTI'HA JIO O®OPMJIEHHSA CTATEN
y 301pHUKY HAyKOBHUX Ipalb
“CyyacHe OyAiBHHITBO Ta apXxiTeKkrypa”

Ho omnyOmikyBaHHs y ¢axoBiid 30ipili HayKOBHX TIpallb  NPUHMAIOTHCS paHile He
oIy 0JIiKOBaHI HAyKOBI CTaTTI, 13 3a3HAUYEHOIO HID)KUE TeMATHKOIO MyOJTiKamiii:

. ApxiTekTypa.
. ByniBenbHI KOHCTpYKITii.
. ByniBenbHI MaTepiany Ta TEXHOJIOTI.

. [mkeHepHi Mepexi Ta o0a HaAHHS.

1
2
3
4. T'igpoTexHiYHE Ta TPAHCIIOPTHE Oy MIBHUIITBO.
5
6. OcHOBHU Ta (hyHIAMEHTH.

5

. Texnooris Ta oprasizaiis OyAiBeJIbHOTO BUPOOHUIITBA.

CrarTs NOBHHHA BiNIOBIIATH TeMaTHLi 30ipHUKA, My0JiKyBaTHCS BIeplle i BKJIKYATH TaKi
eJleMeHTH:

* aKTYaJbHICTh Ta IOCTAHOBKY IPOOJEMH Y 3arajibHOMY BMIJIAJI, ii 3B'I30K 13 BaXKJIMBUMHU
HAYKOBHUMHU YU MPAKTHUYHUMH 3aBJIaHHIMU;

* aHaNI3 OCTAHHIX MOCIKEHb 1 MyOJikamii, y SKWAX TNPEICTaBICHO BHUPIIICHHS IaHOI
npobieMu 1 Ha sIKi CHUPAETbCS aBTOP, BUIUICHHS HEBUPILICHUX paHillleé YacTUH 3arajbHOoi
POOJIEMH, SIKAM TPUCBSIIYETHCS JIaHa CTATTS,

* (hopMyIIFOBaHHS METHU CTATTi (MOCTAaHOBKA 3aBJIAHHS);

* BUKJIQJ] OCHOBHOI'O MaTepialdy JOCHIUKEHHS 3 MOBHUM OOIPYHTYBaHHSIM OTPHUMaHUX
HAYKOBHUX Pe3YJIbTaTIB;

* BUCHOBKH 3 JIAHOTO JIOCITI/KEHHSI 1 TIEPCIIEKTUBY MOJAJIBIIIOT0 PO3BUTKY Y TAHOMY HATIPSIMKY;

* CITUCOK JIiITepaTypHu.

3arajbHi BUMOIH 10 0(DOPMJICHHSI TEKCTY

CratTi mojaroThCs B eNeKTpoHHOMY BUrIsial ¢ainom Word 97 — 2003 B ¢opmari .doc. Ha3pa
(ailmy Mae MICTUTM HOMEp TeMaTHKH ITyOiikaiii Ta Mpi3BUIIE MEpUIOro aBTopa (Hampukiaa, S5
IBanoB.doc).

CraTTi IoAar0Thesl YKPaiHCHKOIO Y aHTJIIMCHKOI0 MOBOIO 1 IPYKYIOTHCSI MOBOIO OpPUTIHATY.

TexcToBa 4acTMHa CTaTTi HaOMpaeThcs Ha apkymax ¢opmary A4 mpudrom Times New
Roman 12 nT uepe3 oguHapHUi 1HTEpBa, BUPIBHIOETHCS 110 MIUPHHI CTOPIHKH, TOJS IO 2 CM 3 YCIX
60kiB, ab3auHuii Biactym — 1,0 cm. O0csr cratTi 7-16 MOBHMX CTOPiHOK pa3oM 3 aHOTALIAMHU.

CrpykTypa cTaTTi:

— indexc Y/IK (BUpIBHAHO IO JiBOMY Kpaio ©Oe3 a03alHOro BiJACTYIY, HpPOMHUCHU,
HaMBXUPHUN);

— Ha3zeéa cmammi (BIALCHTPOBaHA, yCi JITEpHd NPOMHCHI, HAMIBXUPHI, NEPEHOCH He
JIOTTY CKaIOThCS);

— npi3zeuue, iHiyianu 6cix agmopis, HAyKOGUUl CHMYyNiHb, 64eHe 36aHHs (BUPIBHSHO IO
[IPaBOMY Kparo, MPi3BHUILE — HAMMBKUPHUN; CTYIIHb 1 3BaHHS — PSIIKOBH);

— HO6HA HA364 6UULO20 HABYATILHOZ0 3aKAAdy uu opeauizauii (KypcuB, BHUPIBHSHO IO
MPaBOMY Kparo; SIKIIO aBTOPH 3 PI3HUX HABYAIBHUX 3aKJIAiB, TO KOXKEH aBTOP 3 OKPEMOTO PS/IKA);
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— enexkmpona nowma (BUPiBHSIHO 10 IPaBOMY Kparo Ta mops yHikaneauit Homep ORCID);

— anomayii 0o cmammi (a03alHUI BiJCTYII, Ha3Ba HAIIBXUPHA, aHOTAIlll THITYThCS JABOMA
MOBaMH: YKPaiHCHKOIO 1 aHTJTIHCHKOIO.

Texct mepiioi aHOTaIlil MUIIETHCS MOBOIO OCHOBHOT'O TEKCTY CTaTTi Ta NMOBMHEH OyTH He
MeH sk 1800 3HaKiB.

TekcT npyroi aHoTallii, SIKIO BUIAAHHS HE € IMOBHICTIO aHIJIOMOBHHM, KOXKHA ITyOJIiKallis HE
AHTJIIHCHKOI0 MOBOIO CYIIPOBOIKYETHCSI aHOTAIIEI0 aHMTIMCHKOK MOBOIO 00csrom He MeHII sik 1800
3HAKIB. SIKII0 BUIaHHS HE € MOBHICTIO YKPaiHOMOBHUM, KOXKHA ITyOJIiKallis He YKPaiHCHKOI0 MOBOIO
CYNPOBOKYETHCS AHOTAIIEI0 YKPATHCHKOI MOBOIO 00Ocsrom He meHm sik 1800 3makiB. [lpyra
AHOTAILisl PO3MILIYETHCS B KiHIII CTATTI MICHIS CIIUCKY JIITEPAaTypH Ha aHTJIICHKIN MOBI.

JIBi aHOTa1ii NOBHHHI KOPOTKO MOBTOPIOBATH CTPYKTYpYy CTATTi, IO BKJIKOYA€E BCTYII, METY,
METOIUKY, pe3YyJIbTaTH, BUCHOBOK. MalllMHHUN ITEpeKIIa]l He J03BOJIAE€THCH.

— Kuouoei cnoéa (MDKDAAKOBHMI iHTEpBal HE pPOOMTHCH, ab3amHMl BiACTYI, Ha3Ba
HaMIBXHUPHA, TEKCT KJIFOYOBUX CITiB HE OlbIle 6—8 CIIiB).

Ha3pa crari, npi3Buiie i iHimiagam, HAyKOBUH CTYyIMiHb, BU€HE 3BaHHS, MiCIIe POOOTH, aHOTAIIis
1 KJTFOUOBI CJI0BA — MOBTOPIOIOTHCS YKPATHCHKOIO TA aHTIIIHCHKOI0 MOBaMH.

Mix psakamu 3 iHAekcoM Y /JIK, Ha3Bor cTaTi, Mpi3BUIIEM aBTOPiB, aHOTAIli€l0, OCHOBHUM
TEKCTOM 1 TEpeNiKOM JIiTepaTypH, JITepaTypol0 Ha AaHIMIIKWCHKIH MOBI Ta JAPYrol0 aHOTAII€I0
OJIMHAPHUI 1HTEPBAJL.

— OcHO6HUIL meKcm cmammi.

CtpyKTypa OCHOBHOTO TEKCTY CTaTTi 3rimHO 3 moctaHoBoro BAK Vkpainu Ne 7-05/1 Bin
15.01.2003 p. (bronerenr BAK Vkpaiau Nel, 2003 p.) moBuHHA MaTu Taki HEOOXiAHI €IEeMEHTH
(nazeu cmpykmyphux enemenmie 6 mexcmi cmammi ROMPIOGHO 6UOLIUMU HANIEIHCUPHO):

— BCTyl (IIOCTaHOBKA MPOOJIEeMH Yy 3arajlLHOMY BUTIISAAI Ta 1 3B’S30K 3 BaKIWBUMU
HAyKOBUMH YU MPAKTUYHUMU 3aBJaHHIMH);

— aHaii3 OCTaHHIX JpKepen AOCTKEHb 1 MmyOiKaiii, y SKHX 3al04aTKOBAHO PO3B’sI3aHHS
npobinemu (GakaHo, mo0 1e OyB aHalli3 OCTaHHIX NyOmikamii y (axoBHX >XypHanax) 1 Ha sKi
OMHPAETHCSI aBTOP, BUJAUICHHS HE PO3B'SI3aHUX paHINIe YaCTHH 3arajbHOi MPOOJIeMHU, SIKHM
MPUCBSIYETHCS CTATTS,

— TIOCTaHOBKA METH Ta 3aBJaHHs ((opMyITIOBaHHS METHU Ta 3aBIaHb JIOCII)KECHb);

— MarepiaiM Ta METOIM JOCHIDKeHHs (ONMHC BUKOPHCTAHUX MaTepiajiiB Ta METOJIB
JOCTIKEHHS TPOOJIEMH, 1110 PO3TIISIAETHCS Y CTATTI);

— OCHOBHHUU MaTepiasl 1 pe3yabTaTH (BUKJAJ OCHOBHOTO Martepiany JOCTIHKEHHS 3 TMTOBHUM
OOTPYHTYBaHHSIM OTPUMAaHUX HAYKOBUX PE3yIbTATIB);

— BHUCHOBKHM (HayKOBa HOBW3HA, HAYKOBE Ta MPAKTHYHE 3HAYCHHS Pe3yJIbTATIB JOCIiIKEHHS,
MEPCIEKTUBH MMOATBIINX HAYKOBUX PO3POOJIEHB);

— Jimepamypa (BIIUEHTPOBAaHA, HAMMIBXKUPHA; MOCUJIAHHA B TEKCTI MOJAIOTh Y KBaJpPaTHUX
AykKax [2]; crucok iTepaTypy HaBOAWUTHCS BiAMOBIAHO MOPSIKY MOCHIAHb y TeKCTi 3rimHo 3 JICTY
8302:2015 Ta 3anmcyeThCs B CTOBITYMK; HanmcaHHs «Jxepena indopmarii», «[lepemik miteparypm» He
JAomycKaeTbesi). biOmiorpadiuHuii CIMCOK HABOJWTHCSA MOBOKO OpHTIHATY Ta TPAHCIITEPYEThCS.
KinbKicTh IOCHIIaHB HA JIITEpATypHI PKEpesia y CTaTTi MOBUHHO OyTH He MeHIe 15 mkepen. OcobmmBa
yBara npuAUTS€THCS CY4aCHUM aHTJIIOMOBHHM CTaTTSM, 30KpeMa iHaekcoBanux WS abo Scopus.

— oioniozpaghiunuii cnucox (References). Jlins BiATBOpPeHHs YKpaiHCHKMX BJIACHUX Ha3B
3ac00aMHU aHIMINHCHKOI MOBM TpH MeEpeKsajai MyOsikalii aHTIHCHKOI0 MOBOIO 3aCTOCOBYETHCS
TpaHchiTeparis. HalimeHyBaHHs opraHizaiiid Ta yCTaHOB, II0 HE TEPEKIAJaOThCS Ha aHTIIHCHKY
MOBY, TaKOX TPaHCIITEPYyIOThCs. TpaHcmiTepallis Npi3BUILl aBTOPIB BUKOHYETHCS 3aJISKHO BiJl MOBU
OpHTiHATY JpKepena BianosinHo 10 BuMor [loctanoBu Kabinery MinictpiB Ykpainu Bix 27.01.2010 p.
Ne 55 «IIpo BnopsiaKyBaHHS TpaHCIiTepallii ykpaiHCbKoro angasiTy JaTuHULeo». bidmiorpadiuamii
CIIUCOK TIOBMHEH Oytu odopmieHnid 3 BukopuctanHsm ctwisi |EEE STYLE 3rigo 3
«MiXHapOJHUM CTHJIEM LIMTYBAHHS Ta MOCUJIAHHS B HAYKOBUX poboTax», Kuis, 2016.

Taénuyi cnin BUKOHyBaTH B pemaktopax Word 6e3 3anuBanns. Koxxna Tabmuisg mae OyTu
Ha/IpyKOBaHa 3 BIJNOBIJHUM 3arojlOBKOM Ta HyMEpAIli€lo IiCIs MEepIIOro MOCHJIaHHS Ha Hei.
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[Iupyna Tabnuier HE TMOBWHHA IepeBUIyBaTH Mois cTopiHku. [pudTt B Tabmuill MOBUHEH
BIJNOBiJATH MIPUQTY CTATTI.

@opmynu maioTh OyTH BHKOHaHI B pemaktopi ¢dopmyn Equation 3.0 un MathType 3
BUKOPHCTaHHAM TUIbKH 3aranbHonpuiiHaTux wmpudriB (Times New Roman; Symbol). Koxna
(dhopMyia HAOUPAETHCS K ONUH 00’ €KT, HyMmepallis Gopmys apabCbkuMH IU¢paMu CripaBa B TyKKax
BUPIBHSHA 110 UIMPHHI CTOPIHKU.

Pucynku (miarpamu, (oTo), MOAAIOTHCA y YOPHO-OUTOMY, KOJHLOPOBOMY BapiaHTi abo y
rpajamisx ciporo KOJIbOpPY Iiciis MEepPIIOro MOCUIaHH Ha HHUX; MAlOTh OyTH 3TPYIOBaHi Ta SIBISITH
coboro ouH TpadiuHuii 00’ €KT; MaTH HyMepallito Ta MiJM1uc MOo3HAYeHHS OCh KoopAuHaT. Posmipu
MiANKCIB HA PUCYHKY MOBHHHI Bignosigatu mpudty Times New Roman 12 nr.

Pa3om 3i crarTero moaaThHCA:

— BIJIOMOCTI Mpo aBTopa (aBTOpPChKa MOBIAKA): MpI3BHINE, iM’s, MO OATHKOBI (IIOBHICTIO);
BUCHE 3BaHHS, BUCHUI CTYIiHB; MOCaja, MicIle poOOTH; KOHTAKTHI aJpecH il TenedOHH; MOIITOBa
ajZipeca, Ha Ky HaJICUJIaTH MPUMIPHHK 301pHUKA

— peleH3is Ha CTaTTIO, SIKIIO aBTOPOM € acmipaHT Oe3 CIBaBTOPIB 3 BUCHUM CTYIEHEM Ta
BYCHHM 3BaHHSIM.

Cratri, IKi He BiANOBiIAI0TH HABEeJEHUM BUMOIaM, 10 PO3IVIsAy He IPUIHMAIOThCS.

[Togani MaTepiany miUsITalOTh JOIATKOBOMY PEIEH3YBaHHIO YWiICHAMHU peAKoJIerii abo MpoBiAHUMU
¢axiBUgMH 3a HAYKOBUMH HalpsMaMd, TOMY MOXYTh OYyTH TIOBEpHEHI aBTOpaM Ha
JOOIPALFOBaHHS.

OcrarouHe pileHHs o0 myOmikauii cTaTTi NpuiiMae peJakiiiina Kouerist BUJaHHs.
BinxwuieHuii opuriHai He MOBEPTAETHCA.
OmnuaTa 3MIHCHIOETBCS TUTBKU TICIIS MATBEPKCHHS IPUHHSTTS CTATTI 10 IPYKY.

Bapricte myOmikamii crarti 1100 rpn. 30ipHUK BHXOAWTH 4 pa3d Ha PIK IIOKBAPTAIBHO, B KiHII
KOJKHOTO KBapTaiy. CtaTTi HEOOXiJHO HajcuiaTH 10 | Yucia OCTaHHBOTO KBapTaly (HANpUKIA,
SKIIO 30IpHUK BUXOJIUTH B KIHILIl YEpBHS, TO CTATTI MpUiMaroThes 10 | dyepBHA). Ale mpuiloMm craTteit
MOXe€ 3aKIHUUTUCH PaHillle BKa3aHOTO TEPMiHy, SKIIO Oy1e HabpaHO HEOOXiJHY KUJIbKICTh CTOPIHOK.

Marepian HaaCHIIATH 32 apPecolo:

Penakmis «CyvacHe OyJIBHUIITBO Ta apXiTEKTypar»
Opnecpka epkaBHa akazieMist OyNIBHUITBA Ta apXiTEKTYpH,
ByJI. Jlinpuxcona, 4

M. Opeca, 65029, Vkpaina

Konraktha ocoba: Anrontok Hanis PomaniBHa

ten. po6. (048) 70-00-608

e-mail: visnuk_odaba@odaba.edu.ua

Caiit 30ipauka: http://visnyk-odaba.org.ua/

InaTixkHi pekBi3uTH:
Hentp HTTM no Ab, xonx 21028281,
M®O 320478, P/p UA 103204780000026009924861812 B ITAT Ab «Ykprazoank»,

Ipu3nayenns miaarexy: «CyyacHe OyAiBHULTBO Ta apXiTekTypa, [1Ib nepmroro aBropa

[Ipocumo micnst BiAmpaBieHHS MarepiaigiB 00OB’s3KOBO 3areiedoHyBatu abo 3B’s3aTHCA
€JICKTPOHHOIO TIOIITOIO, III00 YIEBHUTHCS B OTPMMAaHHI MaTepialliB Ta PIICHH] peJaKIiitHOT Koyerii
1010 My OJiKaIii cTaTTi.

ISSN 2786-6696 Modern construction and architecture, 2026, no. 15, page 129-131 131


http://visnyk-odaba.org.ua/

Haykose suoanns

CYYACHE BYIIBHUITBO TA APXITEKTYPA

3bIPHUK HAYKOBUX ITPALlb

Bunyck Ne 15
Oepe3enn 2026

['onoBHuii penaktop Buposou B.M.

Texniunuii pegaktop Awmontox H.P.

[Tianucano no npyky 20.03.2026 p.
dopmar 60x84/8. [Mamip odpcernwmii. ['apHiTypa Times.
[udposwuii npyk. YM.-Ipyk. apk. 15,2.
Haxnax 100 mpum. 3am. Ne20-29E

Bunasenp i BUTOTOBIIIOBAY:
Opnecbka nep:kaBHA akajeMisi OyJiBHMITBA Ta apXiTeKTypH
Cainourso JIK Ne 4515 Bix 01.04.2013 p.
VYkpaina, 65029, m. Oneca, Byi. Jliapixcona, 4.
ten. (048) 729-85-34, e-mail: rio@odaba.edu.ua

HanpyxoBaHo B aBTOPCHKiil peakiiii 3 TOTOBOTO OpUTiHATI-MaKETy
B pefakuiiHo-BuaaBHaoMy Bigaum OJJABA





