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UDC 72.01:711.4 DOI: 10.31650/2786-6696-2024-10-9-16
«SPIRIT OF PLACE» AS AN INTANGIBLE FACTOR INFLUENCING SPATIAL PLANNING

'Luzhnyii S., postgraduate student,
stanislavroman.luzhnyikurylych@gmail.com, ORCID: 0009-0000-7003-7579
'Zhyhaliuk S., bachelor,

serhii.zhyhaliuk@gmail.com, ORCID: 0009-0004-9940-6373

King Danylo University

35, E. Konovaltsia str., Ivano-Frankivsk, 76018, Ukraine

Abstract. The article explores the role of the «spirit of place» as an intangible factor in organizing
urban spatial planning. It examines the significance of cultural heritage and national identity in shaping
urban landscapes, describing how they foster a sense of belonging and attachment to a place. A method
is proposed for integrating these factors into the urban planning process, enabling the creation of more
sustainable and attractive urban spaces that resonate with historical and cultural contexts.

The concepts of «city spirit», «spiritual comfort», and «architectural code» are analyzed in
detail, highlighting their features and interconnections. The «spirit of place» is considered a key
element that shapes the unique identity of a location, influencing people's emotional perception and
behavior. The importance of considering historical, cultural, religious, and social aspects in the
formation of the architectural environment is emphasized.

Special attention is given to intangible aspects such as cultural heritage, traditions, folklore,
and spirituality, which need to be integrated into urban planning decisions. This is particularly
relevant in the context of post-war city reconstruction, where human needs, social cohesion, and the
preservation of national identity should be prioritized.

Methods for using the «spirit of place» to create or transform architectural environments that
consider the needs of different population groups and promote the preservation of cultural uniqueness
are also proposed. An analysis of contemporary studies reveals the necessity of developing clear
recommendations for implementing innovative solutions that take into account the ecological, socio-
economic, political-legal, historical, and cultural characteristics of Ukrainian cities. Equally important
is the creation of approaches for involving the public in the process of urban space transformation and
modeling practical applications of the «spirit of place» concept in architectural design. Integrating
these approaches will allow for the creation of comfortable urban spaces with high aesthetic and
cultural value, contributing to the formation of a positive city ensemble and enhancing the quality of
life for residents. The research emphasizes the importance of preserving historical memory, which will
foster a deep sense of national belonging among the Ukrainian people.

The article proposes approaches that can form the basis for creating effective urban
development strategies, taking into account the cultural and historical aspects that define the
uniqueness of each place.

Keywords: «spirit of place», intangible factors, spatial planning, urban environment,
architecture planning, national identity, spiritual comfort, «architectural code.

Introduction. Spirituality is an integral part of human life that creates a sense of comfort,
higher meaning, and the eternity of existence. The spiritual aspect of cities is often overlooked by
both society and architects, yet it plays a significant role in creating impressions of the urban
ensemble, its «face». Cities should be designed to be spiritually comfortable. To achieve this,
spiritual criteria such as faith, culture, mentality, etc., need to be included in architectural and urban
planning decisions, especially in the context of modern challenges. The historical and cultural
context of a city plays a crucial role in forming its spiritual identity. Understanding the collective
consciousness and traditions of the people is key to fostering the spiritual enrichment of the
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architectural environment [1].

Intangible elements such as cultural heritage, history, traditions, folklore, spirituality, etc., need
to be taken into account in urban planning decisions. This is especially relevant in the reconstruction of
cities after the war, where human needs and social factors should be prioritized, preserving the memory
of history, culture, and national identity for future generations over mere physical infrastructure [2].

Understanding the historical and national contexts of architectural and urban development is
crucial for preserving the integrity and unity of ethnic cultures. This involves considering the importance
of large-scale regional cultural characteristics to support the preservation of cultural identity [3].

The key idea of the article is the integration of historical and cultural aspects, particularly the
factor of the «spirit of place», into urban planning processes, which can significantly improve the
quality of life for residents, fostering the development of nationally distinctive urban environments.
This will not only enhance the aesthetic value of cities but also create a deeper sense of national
belonging and identity among the Ukrainian people.

Analysis of recent research and publications. The impact of the «spirit of place» on the
development, construction, and transformation of the architectural environment is indirectly and,
rarely, directly examined in the studies of contemporary domestic and foreign scholars. In the
direction of the social and economic aspects of urban development, researchers such as Gabriel M.,
Kosmyi M., and Gabriel T. [1] consider spiritual comfort and the «spirit of the city» as an urban
phenomenon that emphasizes the importance of social aspects of urban environment development.
In their works, Gabriel M., Gabriel M., and Forkutsa L. [2] study the formation of the spatial
planning knowledge base in Ukraine, which is important for improving the efficiency of urban
territory management. Kosmyi M. [4] also analyzes the semiotic nature of the spatial structure of
the modern city, which allows understanding the influence of symbolic and communicative aspects
on the perception of the urban environment.

Regarding spatial organization and planning, Gabriel M. and Dobrovolska M. [5] study the
concepts of revival and spatial development of Ukraine and its regions, which are important for the
strategic planning of urban space transformation. Approaches to spatial planning are also analyzed
by Petrakovska O. and Mykhailova M. [6], Gabriel M., Dobrovolska M., Dobrovolska M., and
Forkutsa L. [7], providing an understanding of the evolution, current state of this field, and the
implementation of planning solutions. Gabriel M., Kosmyi M., and Gabriel M. [8] also consider the
intangible contexts in the concept of the «smart» city, which is important for understanding the
integration of new technologies in urban planning.

Another important aspect of the «spirit of place» concerns the transformation of urban space
and cultural landscape. In particular, the studies of Hladka A. [9], Parneta M. [10], Silnyk O., and
Solovii L. [11] explore the transformations of the cultural landscape, the influence of landscape-
spatial factors on the formation of the media architecture and urban spaces, and analyze the
formation of residential areas. These studies provide an understanding of the general trends of
changes in Ukrainian cities, the impact of external factors on the perception of the urban
environment, and the historical aspects of urban space development. The analysis of the
achievements and development of architectural and urban construction heritage objects of Ukraine,
which is important for considering the historical context during the transformation of urban centers,
conducted by Balaniuk Y. [12] and the work of Buravchenko S. [13], dedicated to scenario models
of the perception of architectural objects in pedestrian spaces, which is important for understanding
human interaction with the urban environment, deserve special attention.

Based on the analysis of recent research and publications, it would be appropriate to form
definitions of the following concepts: «spirit of the city», spiritual comfort, «architectural code,
«spirit of place».

The «spirit of the city» is an intangible factor that defines the identity and character of a city,
influencing how residents and visitors feel the urban life, history, and culture of the city [1].

Spiritual comfort is a feeling of inner peace, safety, and well-being that people experience in
the urban environment, provided it is properly formed, reflected in local customs, traditions, and
other regional characteristics [1].

Modern construction and architecture, 2024, no. 10, page 9-16
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The «architectural code» can be considered a semiotic system that conveys meaning through
design, which may include local ornaments, architectural and design elements unique to this area,
and the planning of urban spaces that may also vary depending on the historical-geographical
region. It reflects the relationship between the built environment and the cultural identity of the city,
influencing how the population perceives and interacts with the surrounding environment. The
«architectural code» refers to a set of principles that govern the design and construction of urban
spaces. It encompasses various aspects, including aesthetics, functionality, spiritual, and historical-
cultural significance of buildings in the city [4].

Modern research suggests that the issue of the «spirit of place» requires separate consideration
and more thorough research, as it leaves room for the following tasks:

— developing specific recommendations for implementing innovative solutions, considering
the social, economic, historical, and cultural characteristics of Ukrainian cities;

— developing mechanisms for public involvement in the process of urban space transformation;

— developing recommendations for using intangible factors, particularly the «spirit of placey,
for constructing the architectural environment.

Objective and Tasks. The aim of the article is to deepen the understanding of the «spirit of
place», the influence of cultural and historical factors on its formation, and its impact on the
development of new urban strategies that ensure the harmonious integration of historical-cultural
and nationalist ideas into modern concepts of architectural environment construction. According to
the aim, the following objectives are addressed:

— to define the «spirit of place» as an intangible factor in architecture;

— to determine which category of intangible factors the «spirit of place» belongs to;

— to analyze the main factors influencing the «spirit of placey;

— to develop recommendations for using the «spirit of place» in the construction of the
architectural environment.

Materials and Research Methodology. In this article, to comprehensively analyze the
concept of the «spirit of place», the factors influencing it, and to define its areas of influence, the
following scientific research methods were used:

— the systematic review method involved reviewing existing studies and publications on the
topic of the «spirit of place», spiritual comfort, «architectural code», and other related concepts
presented in modern scientific works;

— the categorization and classification method was used to classify the «spirit of place» as an
intangible factor and to analyze it in the context of various categories of intangible factors;

— the contextual analysis method was applied to examine the «spirit of place» in different contexts,
including «smart» cities, cultural landscapes, historical development of cities, national identity, etc.;

— the deductive method was used to draw conclusions about the specifics of the «spirit of place»
and its impact on spatial planning, based on general theoretical provisions about intangible factors;

— the synthesis method allowed integrating various aspects of the «spirit of place» to create
recommendations for its use in architecture and urban planning.

Main Material and Results. 1. Categorization of the «Spirit of Place» as an Intangible
Factor. To categorize the «spirit of place» as an intangible factor, it is necessary to define it. The
«spirit of place» is a narrower concept than the «spirit of the city». It is also an intangible aspect,
but it defines the identity and character of a more specific location, which can be an individual
object or a particular area. It is formed under the influence of history, culture, religion, etc. It is the
factor that creates certain psycho-emotional connections between a person and a place, imposing
appropriate behavior specific to that place and eliciting special emotions and internal experiences.
There might be a misconception that the «spirit of place» is synonymous with the term «semantics
in architecture», but there is a fundamental difference: the «spirit of place» and semantics in
architecture, although related to the understanding and perception of the architectural environment,
focus on different aspects. The first term concentrates on the cultural and spiritual context of the
place, while the second on the symbolic and communicative functions of architectural forms.
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Intangible factors include: mental-ethical, aesthetic-landscape, political-administrative
(normative), historical-cultural, and religious-spiritual [14]. The question arises as to which of these
categories the «spirit of place» best belongs to. Determining its category may depend on the context
in which this concept is considered, as well as the characteristics of the locality and its historical
development. This can lead to different perceptions and interpretations of the «spirit of place»
depending on the cultural, social, and political conditions prevailing at a particular time.

It is advisable to consider the «spirit of place» in the context of each of these categories to
determine to which one it belongs. Mental-ethical factors are the intangible embodiment of the existing
needs of society. They are reflected in architecture through the patterns of placement of buildings,
structures, transportation hubs, etc., in a city, oriented to the values and convenience of society at a
particular time. Here, it is appropriate to mention the concept of a «smart» city, which is significantly
influenced by mental-ethical factors [14]. The «spirit of place» is one of the key aspects in building
«smart cities, emphasizing the importance of cultural identity, national values, and unique features that
define the «spirit of the city». In the development of a «smart» city, it is important to integrate this
intangible factor along with technological achievements in science and technology. This ensures that
city development focuses not only on efficiency and technology but also on improving quality of life
and preserving historical and cultural heritage [8]. Integrating the «spirit of place» into «smart» city
planning can justify efforts to achieve sustainable development. By prioritizing local values and
contributions of folk creativity and inventiveness, cities can develop projects that address environmental
issues while enhancing the overall quality of life for residents. This approach aligns with the idea of
creating a comprehensive system that considers both material and intangible aspects of city life [8, 15].
Thus, the «spirit of place» embodies not very pronounced features of mental-ethical intangible factors.

In the concept of aesthetic-landscape intangible factors, the «spirit of place», as one of the main
components of cultural landscapes, shapes the characteristics and nature of the urban environment. It is
important to consider that the material essence of a cultural landscape is determined not only by
landmarks with corresponding legal statuses but also by places and landmarks valued and associated by
local residents with their histories and feelings [9]. The «spirit of place» influences the visual perception
and emotional connection of people with their surroundings. It plays a significant role in creating a
sense of belonging to a place and attracting tourists through the beauty of natural and urban landscapes.
In the architectural composition of a city, the «spirit of place» intertwines with the concept of aesthetic
and landscape intangible factors, influencing the overall well-being of the built environment.
Understanding the «spirit of place» is crucial for creating meaningful and colorful spaces that resonate
with people on a deep spiritual level [10, 14]. From this, it can be concluded that the «spirit of place»
affects aesthetic-landscape intangible factors, raising doubts about whether it belongs to them.

The «spirit of place» cannot be attributed to the category of political-administrative intangible
factors in architecture, as it is more of a cultural and emotional component influencing the
perception of a place [6, 14]. Although political-administrative factors may indirectly influence the
«spirit of place» through regulations and political strategies related to the preservation of historical-
cultural heritage or the development of the urban environment, the «spirit of place» itself is unlikely
to depend on such factors [13, 14]. On the contrary, it plays a significant role in forming these
normative factors, dictating to the authorities through the voices of the population a list of places
and objects that should have special statuses [7, 13, 14].

The concept of the «spirit of place» can be interpreted through religious and spiritual senses, as it
encompasses the intangible essence and power believed to dwell in certain places, influencing people
and their interactions in these places [14, 16]. In a religious and spiritual context, the spirit of place
may be associated with sacred sites, pilgrimage places, or areas believed by locals to have mystical
connections, where people feel something beyond physical sensations [14, 17]. The sacred significance
of the «spirit of place» can be seen in how certain objects evoke feelings of awe, reverence, and
veneration, prompting people to participate in cultural mysteries, traditions, etc., to connect with the
spiritual force that fills these spaces. The religious-spiritual component of the «spirit of place» imbues
architectural elements with meanings, influencing the activities of sacred spaces, temples, churches,
mosques, or other sacred objects intended to improve people's spiritual state [14, 16]. Based on this, the
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«spirit of place» can be considered a religious-spiritual intangible factor in architecture.

The concept of the «spirit of place» also has historical significance, as it intertwines with the
evolution of architectural styles over years, decades, centuries, millennia. It reflects the cultural
heritage and traditions of a specific place, preserving the memory of the rises and struggles of the
people, which find their embodiment in the interiors, exteriors, and ensembles of the architectural
environment. Artists and scientists have explored the «spirit of place» through various artistic artifacts,
preserving the significance of historical and cultural elements in urban landscapes. It is important to
understand the evolutions of architectural elements, urban infrastructure, and social-moral changes
reflecting the historical context of the place. The «spirit of place» serves as a historical-cultural factor.
This creates special emotional connections between people and a particular place, evoking feelings of
anger, joy, calm, nostalgia, etc., reflecting cultural values, beliefs, traditions, personal experiences, etc.,
permeating that particular place. Artists and architects often draw inspiration from the cultural essence
of the place to create meaningful designs [14, 16, 18]. Through the lens of historical and cultural
factors, the «spirit of place» becomes a dynamic element that evolves with social changes,
technological advancements, and urban transformations. It acts as a link between the past, present, and
future, preserving the cultural heritage and historical memory of the place in its architectural
environment [14, 17, 18]. In summary, the «spirit of place» belongs simultaneously to two categories
of intangible factors: religious-spiritual and historical-cultural.

I1. Preconditions Forming the «Spirit of Placex».Several factors influencing the «spirit of place»
can be identified:

— The historical component of the place, including its architectural evolution and historical
heritage, significant events that occurred there, forms the basis of the «spirit of place». Understanding
historical events and oral folklore, such as myths and legends, embedded in the architectural
environment, has a colossal impact on the success of forming the «spirit of place» when building new
or rethinking the previous architectural environment [1, 6, 14].

— The cultural component of the place, encompassing its inherent values, beliefs, and traditions,
plays a significant role in forming the «spirit of place» [1, 13, 14, 16].

— Architectural styles and urban planning principles applied in different regions create various
«spirits of places». Design elements, unique building materials and constructions, and specific spatial
layouts reflect the cultural color of the locality, forming its spirit [1, 5, 11, 13, 14].

— Emotional connections people have with a place, influenced by personal experiences,
memories, and interactions in the surrounding environment, create a unique «spirit of place». For
someone, it might be their old school, for others their first workplace, where they finally gained
independence from their parents, or perhaps a place associated with their worst memories [5, 19].

I11. Recommendations for Using the «Spirit of Place» in Building the Architectural Environment.
The following approach is proposed for utilizing the «spirit of place» in building the architectural
environment:

— Begin by delving into the historical significance of the place where the architectural
environment exists or is planned. This requires analyzing historical narratives, legends, local stories,
architectural styles inherent to the place, and its historical-cultural landscape, to use elements imbued
with the «spirit of place» [12, 18].

— After studying the historical-cultural picture, start integrating new cultural elements inherent
to the place into the architectural environment to emphasize the cultural identity of the locality. It is
crucial not to ignore symbols, ornaments, motifs, and other cultural features of the region to preserve or
create a unique architectural environment where new traditions, customs, and values will continue to
exist or emerge, contributing to a sense of belonging to a unique regional culture and tradition in such
an architectural environment [9, 10, 12, 17].

— It is extremely important, when creating or rethinking the architectural environment, to preserve
or create new emotional connections between people and the surrounding environment. Design elements
that evoke positive emotions and memories, memorials to tragedies, victories, and significant events,
buildings constructed in reinterpreted historical styles enhance the connection with the place, evoking a
variety of emotions that will make people want to return there again and again [5, 6, 19].
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— Do not forget about implementing sustainable development strategies aimed at preserving the
natural environment, which will contribute to the preservation of the «spirit of place». Promote the use of
environmentally friendly building materials, energy-efficient systems, and the creation of green spaces
that harmoniously blend with the surrounding environment and contribute to ecology conservation [19].

— It is recommended to involve local communities in the architectural environment design
process to ensure that their values, desires, and needs are reflected. Close collaboration with local
residents, investors, and experts from various fields, including culture, history, and ethnography, will
allow the creation or rethinking of the architectural environment so that it corresponds to the aspirations
and color of the local population, fostering a sense of ownership and control over their land [5, 19].

— Lastly, apply adaptive reuse strategies for renovating and revitalizing existing structures while
preserving their historical and cultural significance. Transforming old buildings into functional spaces
that honor the historical-cultural heritage of the place, blending the past with the present, to create a
dynamic architectural environment that tells the story and provides an insight into the unique culture of
the locality [13].

Conclusions:

Summarizing the research, it is worth emphasizing that the «spirit of place» is an important
aspect that belongs simultaneously to two categories of intangible factors: religious-spiritual and
historical-cultural. It influences the formation of the architectural environment's identity. Using
historical, cultural, religious, and aesthetic contexts in urban planning processes contributes to
creating spiritually comfortable and nationally distinctive spaces.

The recommended approach to integrating an intangible factor like the «spirit of place» can
create architectural environments that preserve and develop local customs, traditions, and other
historical-cultural features of regions while meeting modern technological requirements, promoting
social cohesion, and preserving and developing national ideas.

The research highlighted the importance and relevance of involving local communities in the
processes of planning, designing, and constructing architectural spaces to preserve and popularize local
colors, myths, legends, customs, and traditions, while not ignoring the needs and desires of modern
individuals.

Using the «spirit of place» as an intangible factor in spatial planning is impossible without
studying the locality's history, integrating new cultural elements into the historical-cultural concept of
such a place, creating strong emotional ties between the local population and new concepts of rethought
architectural environments, and implementing sustainable development strategies aimed at preserving
and restoring ecology.

The appropriateness of renovation and revitalization when restoration is impossible or impractical
to preserve unique architectural elements that embody the «spirit of place» has been emphasized.

Thus, considering the «spirit of place» is an integral part of the spatial planning process,
allowing the creation of nation-oriented, ethnically distinctive cities with their «spirit of the city»,
unique features such as regional cuisines, unique architectural elements, traditions, and customs,
attracting both residents and tourists.

Prospects for further research may focus on developing specific recommendations for
implementing innovative solutions considering the social, economic, historical, and cultural
characteristics of Ukrainian cities; developing mechanisms for involving the public in the process of
urban space transformation; improving recommendations for using the «spirit of place» in building the
architectural environment, and developing recommendations for using other intangible factors in
constructing the architectural environment.
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13BO « Ynisepcumem Koponsa [lanuna»

ByIL. €. KonoBanbis, 35, M. IBano-®pankiBcrk, 76018, Ykpaina

AHoTalis. Y CTarTi JOCHIDKYEThCS POJIb «IyXy MICIs» SK HEMarepiallbHOTO YMHHHUKA B
oprasizallii IpOCTOPOBOTrO IJIAHYBaHHS MICBKOT'O cepeioBHIa. Po3risiaeTbcs 3HaUeHHS KyJIbTYPHOTO
HagOaHHSA Ta 1AEHTUYHOCTI Hapoay y (OpMyBaHHI MICBKMX JaHAMIA(TIB, ONHCYIOUYH, SIK BOHH
CIPUSIIOTh BUHUKHEHHIO BIAUYTTS MPUHANIEKHOCTI Ta MPUB’sI3aHOCTI 10 Micisl. [Ipomnonyerses cnocid
iHTerpamii 1Mx (axTopiB y mpolec MICTOOyAyBaHHS, IO JIO3BOJISIE CTBOPIOBATH CTIHKiII Ta
MpYBAOIIMBIILII MICHKi TPOCTOPH, SIKI PE30HYIOTH 3 ICTOPUYHUM Ta KYJIbTYPHUM KOHTEKCTOM.

JleTanbHO aHAMI3YIOTHCS TOHATTS «IyX MICTa», «IyXOBHHH KOM(OPT» Ta «apXiTEKTypHHUU
KO/», BUJUIAIOUU iX OCOOJMBOCTI Ta B3a€EMO3B'SA3KHU. «JlyX MicLs» pO3IISLAaeTbCs K KIFOYOBUM
€JIEMEHT, 10 (OpMYy€E YHIKAIBHY ACHTHYHICTh JIOKAIlii, BIUIMBAIOYM HA EMOIIIIHE CIPUHHATTS Ta
noBediHKy Jitofeil. IliIKpecioeThCsl BaKIMBICTh BpaxyBaHHS ICTOPUYHHUX, KYJIBTYpPHHX,
PEeNIriifHUX Ta COIiaJIbHUX aCIeKTiB MpH (JOPMyBaHHI apXiTEeKTYpHOTO CEpeAOBHUIIIA.

OcobnuBa yBara NpuAUISETbCS HEMaTepialbHUM aclleKTaM, TaKUM K KyJbTypHa CHaJIlIHHa,
Tpamuiii, (HOJBKIOpP Ta JYXOBHICTh, SIKI HEOOXiJHO IHTErpyBaTH B MICTOOyHiBHI pimeHHs. Lle
0COOJIMBO aKTyaJbHO B KOHTEKCTI MIOBOEHHOI PEKOHCTPYKIIIi MICT, Jie MPIOPUTETOM MOBUHHI OyTH
JIFOJICbK1 TOTPeOH, collialibHa 3TYPTOBAHICTh Ta 30€PEKEHHS HAIIIOHAJIBHO1 17IEHTUYHOCTI.

Takox 3amporoHOBaHI METOIM BUKOPUCTAHHS «JIyXy MICIS» ISl CTBOPEHHs UM TpaHcdopMartii
apXITEKTYpHOI'O CEpEOBUINA, K€ BPaxOBYBaTUME MOTPeOM PI3HUX IPyN HACEJIEHHS Ta CIPHUATHME
30epeKeHHIO KYIbTYpHOI caMoOyTHOCTI. [IpoBezieHO aHasi3 Cy4acHUX JOCHIIKEHb B SIKOMY BUSIBICHO
HEOOX1/THICTh PO3POOKH YITKMX PEKOMEH/IAIIN 111010 BIIPOBA/KEHHS IHHOBAIIMHUX PILLEHb, sIKI OyIyTh
BPaxOBYBaTH €KOJIOTIYHI, COLIAIbHO-€KOHOMIYHI, TOJIITUKO-TIPaBOBI, ICTOPUYHI Ta KYJIBTYpHI
0COOJIMBOCTI YKpAiHCHKUX MICT. Takok HE MEHI BaKJIMBUM € CTBOPEHHS MIAXOIB JI0 3aTydeHHS
IPOMAJICBKOCTI B Tpolec TpaHchopMallii MICBKOTO MpPOCTOPY Ta MOJENIOBAHHS pillleHb MI0/I0
MIPAaKTUYHOI'0 3aCTOCYBaHHS KOHLEMLIT «1yXy MICLS» B apXITEKTYpHOMY MPOEKTyBaHHI1. [HTerparis uux
MiJIXO/IB JI03BOJIMTh CTBOPUTH KOM(OPTHI MICBhKI MPOCTOPU 3 BHUCOKOIO €CTETUYHOIO Ta KYJIBTYPHOIO
LIHHICTIO, SIK1 COPUSITUMYTh ()OPMYBAHHIO TIO3UTUBHOTO aHCAMOJIIO MiCTa Ta M1IBUIIEHHIO SKOCTI KUTTS
MEeUIKaHIIB. JIOCHi/UKEHHsI HArojollye Ha BaXJIMBOCTI 30€peXeHHs ICTOPUYHOI Mam siTi, ska Oyzae
(hopMyBaTH B yKpaiHCHKOTO HApOAy MIMOOKE BITUYTTS HAI[IOHATLHOI TPUHAJISKHOCTI.

B crarTi 3amponoHoBaHi MigX0Au, SIKI MOKYTh CTaTH OCHOBOIO JUIsSI CTBOPEHHS €(EKTUBHHUX
CTpaTeriii MIChKOrO pO3BUTKY Ta OyIyTh BpaxOBYBaTH KyJbTYpHI Ta ICTOPHYHI acleKTH, IO
BH3HAYaI0Th YHIKAJIBHICTh KOKHOTO MICIIS.

KuarouoBi cioBa: «ayx Micis», HeMmaTeplajJibHI YWHHUKH, TPOCTOPOBE IUIAHYBaHHS,
apXiTEeKTypHE CepeIOBUIIIE, HAllIOHAIbHA 1IEHTUYHICTb, TYXOBHUN KOM(OPT, «apXITEKTYPHUI KO
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Abstract. Nowadays, the construction of multi-storey buildings is becoming increasingly
important, leading to an increasing building density and the development of transport infrastructure.
Recently, the volume of construction in areas exposed to vibrations of various nature has been
steadily increasing. Constant impact of vibrations caused by external factors, such as traffic flows or
industrial plants, on buildings can cause significant displacements of structural elements and
increase noise levels, which is an additional negative effect on the safe operation of the building.
Thus, the problem of controlling the impact of these vibrations on the reliability and durability of a
building is becoming increasingly important.

Reducing the impact of frequencies on the structural characteristics of structures and on the
normal functioning of the human body is implemented by vibration isolation of buildings and
structural monitoring systems. However, the effect of changing the cross-sections of structural
elements has not been fully investigated.

The aim of this work is to find rational cross-sectional shapes of columns in terms of material
consumption and suitability for normal exploitation of multi-storey reinforced concrete frame buildings.

To analyse the effect of changing the cross-section of the columns, 3 variants of the column
cross-section were developed, in which the shapes and geometric dimensions were changed. The
geometric characteristics of the cross-sections were calculated using the Arbat software, and the
modal analysis was performed using the SCAD software package.

As a result of the calculation, the interaction curves were obtained, which limit the area of the
section's bearing capacity under the action of forces that can be applied to the section under analysis. In
particular, the natural frequencies and shapes of vibrations were obtained, and the cross-sections of the
columns were estimated by their area and moments of inertia. The changes in the type of column cross-
section did not significantly affect the level of vibration frequencies of the building. However, it did
change the material consumption and weight of the building by 24%, meaning that the values of the
loads from the columns' own weight transmitted to the foundation also decreased. Reducing the loads on
foundations can significantly reduce the cost of their construction. It was also found that a change in the
type of section can affect the changing of the direction of movement of the building's vibration forms.

The results of the study demonstrate the possibility of optimising structural solutions by
changing the geometry of columns, which not only saves resources but also ensures reliable operation
of buildings.

Keywords: multi-storey reinforced concrete buildings, finite element method, numerical
modeling, modal analysis, natural frequencies, rational cross-sectional shapes, form of oscillation.
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Introduction. In today's environment, the construction of multi-storey buildings is becoming
increasingly relevant, leading to an increase in building density and the development of transport
infrastructure. Recently, the volume of construction in areas exposed to various vibrations has been
steadily increasing. The constant impact of vibrations on buildings can cause significant displacements
of structural elements and increase noise levels, which is an additional negative effect on the safe
functioning of the building. Thus, the problem of controlling the impact of these vibrations on the
reliability and durability of the building is becoming increasingly relevant. For this purpose, there is a
need to monitor the state of structures on prototype design models using modal analysis [1].

Analysis of recent research. Modern urbanisation trends and the growing demand for high-
rise buildings dictate the need to optimise materials and structures to ensure cost-effectiveness and
energy efficiency. At the same time, increasing traffic and industrialisation are creating additional
dynamic loads on buildings, which requires a more detailed investigation of their impact on
structural elements.

The problems of cross-sectional shape formation of load-bearing structures are one of the
fundamental problems. Traditionally, in the process of rational cross-section selection, architectural,
structural and technological requirements are taken into account simultaneously, which in most
cases conflict with each other. Sometimes approaches to reducing the material intensity of
structures are in conflict with the requirements of simplicity of manufacturing technology,
installation and even operation [2, 3].

In the last twenty years the traditional requirements of stability, strength and rigidity of structures
have been supplemented by the need to check the structure for progressive collapse. It is known that
the dominant influence on the formation of progressive collapse scenarios is exerted by the dynamic
characteristics of the structure, and this phenomenon has already been realized in American standards.
In view of this, the set of structural requirements described above is becoming wider.

Estimation of the natural frequency spectrum of structures was originally used to prevent
resonance phenomena during operation. The natural frequencies of structures can be estimated
analytically using approximate formulas. However, modal analysis provides more detailed and
reliable data on the dynamic behavior of structures.

Despite the variety of software systems that implement the finite element method, not all of
them allow to model reinforced concrete structures and perform their examination for compliance
with construction standards. Application of computational complexes requires not only knowledge
of mechanical properties of materials and geometry of structures, but also understanding of joint
operation of individual structures. The peculiarities of the transition from structural to
computational schemes of buildings and structures, as well as the fundamentals of computational
mechanics are outlined in [4, 5].

The interest in the modal characteristics of buildings is not limited to the prediction of
resonance phenomena. Today, modal characteristics are also used to assess possible damage. This is
demonstrated in the research of mid-rise buildings in the works of L. Gaile, L. Ratnika, and L.
Pakrastins [1, 3]. These studies have demonstrated the high efficiency of modal analysis and the
importance of optimising design solutions to improve the reliability and cost-effectiveness of
construction. In particular measures of various kinds are being implemented to reduce the impact of
frequencies on the structural characteristics of structures and on the normal functioning of the
human body: vibration isolation of buildings and structural health monitoring systems [3].
However, the option of changing the cross-sections of structural elements has not been fully
investigated.

It is known from the theory of structures [4] that the study of the effect of loads on structural
elements is combined with the analysis of the rigid and inertial properties of the structure and is
related to the problems of predicting dynamic behaviour.

Analysing the dynamic behaviour of multi-storey buildings can not only improve
performance but also minimise the risk of damage in seismically active regions. Thus, optimisation
of column cross-sections can be an important factor in reducing construction costs, especially in
areas with restrictions on foundation loads.
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The aim of this work is to find rational cross-sectional shapes of columns in terms of
material consumption and suitability for normal exploitation of multi-storey reinforced concrete
frame buildings.

Materials and methodology of the study. In this study, it is necessary to investigate changes
in the mass and stiffness of structures, taking into account the forms of movement and changes in
frequencies for different types of cross-sections, in accordance with the equation of dynamics [5]:

My +Ky=p, (1)

where ¥ =(y;,Y, )T — is the vector of displacements for the period T; y;,y, — coordinates of
the mass position; p — is the vector of vertical force action on the mass m; M — is the mass matrix:

M:(mn mlzj:(m O]' @)
My, My, 0 m
K'is the stiffness matrix:
K:(k“ klzj:[ s;+5,C08°a s, sinacos,a] ‘)
Kor Kz2) |-s,sinacosa  +s,sina )

where s;,5, — is the elongation stiffeners; « — is the angle between linearly elastic rods

carrying a concentrated mass m.

The structural scheme of the building is frame. The rigidity of the system is ensured by rigid
bracing between columns and beams, as well as two stiffening cores [6]. The building foundation is slab
and rigidly anchored. The building's structural elements are made of heavy concrete of strength class
C25. The dimensions of the building in plan are 18x58 m, the height of the floor is 4.2 m. The building
has 5 above-ground and 1 basement floors. The construction area is the city of Dnipro (Ukraine).

The cross-sectional dimensions of the columns are determined by architectural, structural, and
technological requirements, so the considered cross-sections in all three variants do not exceed 500
mm along the outer contour.

The analysis was performed for 3 column cross-sectional shapes. The first of them has
rectangular columns with dimensions of 500500 mm. The second variant has I-section columns
with dimensions of 500x500 mm with a shelf width of 180 mm, and the third has columns with a
shelf width of 150 mm. Cross sections of the columns are shown in Figure 1.

ZA\ z z
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+ . o4 | [
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Fig. 1. Geometric dimensions of column sections

To calculate the geometric characteristics of the cross-sections for all three variants of the
columns, the Arbat program, which is part of the SCAD computing software package, was used [6].
The calculation results are presented in Table 1.

According to the results obtained, it can be concluded that the cross-sectional area from the first
to the third variant decreases by 24%, which characterizes a corresponding decrease in material
consumption and weight of structures. The values of the moments of inertia also decrease from the first
to the third case. For the moment of inertia relative to the central axis Y1 parallel to the Y axis (ly), this
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reduction reaches about 4%, for the moment of inertia relative to the central axis Z1 parallel to the Z
axis (1z) — more than 37%, for the moment of inertia in free torsion (It) — more than 80%.

As a result of the calculation, the graphs of interaction curves were obtained using the Arbat
program. These curves limit the area of bearing capacity of a section under the action of forces that
can be applied to the cross-section being analyzed. These graphs for all types of sections are shown
in Figure 2.

Table 1 — Characteristics of column sections

Rectangular I-section columns | I-section columns
columns 500x500 | (shelf height 180) | (shelf height 150)
Cross-sectional area (A), [cm?] 2500 2080 1900
Moment of inertia relative to the
central axis Y1 parallel to the axis 520833 513973 500833
Y (), [em]
Moment of inertia relative to the
central axis Z1 parallel to the axis Z 520833 384333 325833
(1), [cm*]
Moment4 of inertia in free torsion 881250 931733 165833
(1), [em’]

-2500.583
+2720.426

a)
: b)
\174.983_~ ®
180,665
-200.525

Fig. 2. Interaction curves:
a—500x500 mm rectangular columns; b — I-section columns (180 mm shelf height); ¢ — I-section
columns (150 mm shelf height)

The design schemes were created using the SCAD software package, which implements the
finite element method [7]. This method is basic in the analysis of structures in structural mechanics.
Performing model discretization, which involves the distribution of structures into finite elements,
is a very important and responsible process. This is due to the need to ensure the greatest relevance
between the model and the structure [8]. The further reliability of the calculation depends on this.
Thus, to ensure the accuracy of the calculation, elements of different shapes and sizes are used
depending on the purpose of the task.

In the design scheme of the building, the columns are modeled using bar elements, and the
floor slabs are modeled using plate elements. Bar elements are the simplest in the calculation of bar
structures by the finite element method and can consist of two or more nodes. To create a discrete
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model of a two-dimensional area, two-dimensional finite elements are used, namely triangles and
quadrilaterals, which can have a different number of nodes [9]. To ensure the most optimal
discretization of the model, rectangular and triangular elements are used for two-dimensional
structural elements. The use of the latter is due to the need to correctly ensure working conditions in
the areas where columns adjoin floors.

According to the program definition, slabs are discretized as quadrilateral or triangular finite
element shells, which were calculated using the Kirchhoff-Love plate theory.

The Kirchhoff-Love plate theory, or classical plate theory, was developed by Love [10], based
on the assumptions proposed by Kirchhoff [11]. This theory is widely used in engineering science
and practice to analyze the behavior of thin plates in the presence of lateral loading or bending
moments along the plate boundary.

This theory operates on several key assumptions [12]. Firstly, it assumes that throughout the
deformation process, the median surface of the plate remains neutral, meaning that the deformation
in the median plane is neglected. Secondly, it postulates that the points on the plane perpendicular
to the center surface remain on the plane perpendicular to the center surface after deformation.
Thirdly, it asserts that the normal stress component in the thickness direction (o) is negligible
compared to the in-plane normal stresses (ox and ayy).

For small deflections of the plate, linearization is applied, and the curvature k of any given
plane parallel to the midplane is expressed by the deflection w. The following relations can be
obtained using the angle of inclination of the plate gi at a point in the i-th direction and the in-plane
displacements uy and uy [13].

Py = w,)_( ,By =Wy
u, =-SIn L=—pD,2 — _Qj ~
x= (,fx) By uy =-sin(B, )z~ -,z @
Ky = _ﬁx,x - _W,xx
Ky .= _ﬂy,y :_W,yy Kyy = _ﬁx,y :—ny :_ﬂy,x = Kyy

The deformations in the x and y directions due to pure bending of a thin plate at a distance z
from the neutral midplane can be expressed as follows [12]:

Exx = Uy x = ZKy Eyy =Uy y = 2Ky . (5)
The non-zero components of the shear strain are of the form:
Yy =Yy i=Uyy Uy =By + By =—22W, = 22K, . (6)

Deformations in the Kirchhoff-Love theory of plates are linear functions of the distance from
the midplane of the surface z and the second derivatives of the midplane deflection, which are equal
to the corresponding curvatures at any given point.

The normal stress components are integrated over the thickness of the plate, resulting in
expressions for the bending moments mx and my and the torsional moment m,y [13]:

t/2 t/2 t/2
my = [ o020z, my = [ oyzdz, My =My = | 7,20z, )
—t/2 —t/2 —t/2
Similarly to the normal stress components, the shear stress components are integrated over the
thickness of the plate, resulting in shear forces [13]:
t/2 t/2
O = [ 7420z, Oy = | 7y,2dz. (8)
—t/2 —t/2

Using the above equations 7 and 8, the linearized local balance of linear and angular

moments, taking into account the surface load per unit area p(x, y), is as follows [13]:

Oxx +dy,y =—P )
My x +Myy =0y (10)
My x +Myy y =0y (11)

Substituting gy and gy into 9 and using m,, = myy from 7, we obtain the local equilibrium in
terms of bending and torsional moments per unit length of the plate [13]:
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My e +2Myy, o £M,, 5 =—P. (12)
The generalized linear-elastic Hooke's law for the analysis of plane stresses, neglecting the
normal stress components acting transversely to the median surface with Young's modulus E and
Poisson's ratio v, is as follows:
1 1 2
Exy = E(O'XX —vayy), Eyy = E(ny —VO'XX), Ty = E(1+ V)T (13)
Using equations 4, 5, and 7, the defining relationship is expressed in terms of moments per
unit length and plate bending stiffness K:

my =—K(wxx+vww)
m, =

—K(W, +VW,xx)

y vy

3
with K = — 0 (14)

Y 12(1-v?)
Substitution of these expressions into the local equilibrium 12 leads to the defining linear
partial differential equation of the Kirchoff-Love plate bending:

My =—-K(1-v)w

Wyoxx + 2Wxxyy + Wy =£ or A’w= % (15)

In a large number of software packages that use the finite element method, the process of
element division is automated [14]. The type of finite elements of the building is a quadrangle, and
the number of design elements and nodes is 50305 and 40231, respectively. To check the
convergence of the results, different sizes of finite elements were used. As a result, the calculation
results turned out to be close in value. The design scheme is shown in Figure 3.

Fig. 3. Structural scheme

The developed design schemes take into account the effects of constant, long-term and short-
term loads. Thus, the strength of the building structures was calculated, stress and displacement
fields were obtained, in particular, the modal analysis of natural frequencies was performed.

The modal analysis provides data on the dynamic behavior of the building, which consists in
determining the main forms of oscillations and their corresponding natural frequencies [1]. The
results of the modal analysis are necessary to optimize the building structure to increase its stability
and reduce vibrations and stresses in materials [15].

The calculation of buildings was performed using the multifrontal method in the SCAD
software package [5, 7]. This method is based on the Gaussian method. This method provides for
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the parallelism of the locations and exclusions of the already collected equations. The ordering of
equations is carried out using heuristic approaches, which involves the creation of several fronts [5].

Research results. As a result of the modal analysis, natural frequencies and vibration forms
were obtained. The graphic results of the calculation are shown in Figures 4-6.

'Mili ‘!\"

Fig. 4. The first form of oscillation:
a—500x500 mm rectangular columns; b — I-section columns (180 mm shelf height); ¢ — I-section
columns (150 mm shelf height)

Fig. 5. The second form of oscillation:
a—500x500 mm rectangular columns; b — I-section columns (180 mm shelf height); ¢ — I-section
columns (150 mm shelf height)

The number of forms was determined based on the percentage of the collected effective
modal masses in accordance with the requirements of DBN B.1.1-12:2014 [16]. The first 10 forms
of each variant of the design schemes are considered in more detail [7, 17]. The modal analysis was
performed for all three cross-sectional variants.

According to the program's reports on eigenvalues and frequencies, it can be concluded that
the change in cross-section had a minimal effect on these indicators. In terms of percentage, the
difference between the I-section and the rectangular section did not reach more than 10%. However,
as a result of changing the types of cross-sections, there is a change in the directions of movement
of the modes. Thus, in the first form, in the calculations with rectangular and I-section columns with
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a shelf width of 180 mm, the movement occurs along the X-axis, and in the model where the
columns are represented by an I-section with a shelf width of 150 mm - along the Y-axis, as shown
in Figure 4. In the second form of natural oscillations, in the first two of these computational
models, translational motion is carried out along the Y axis, and in the last scheme - along the X
axis, as shown in Figure 5. In other forms of natural oscillations, the change in direction or type of
motion is minimal, as shown in Figure 6.

Fig. 6. The third form of oscillation:
a—500x500 mm rectangular columns; b — I-section columns (180 mm shelf height);
¢ — I-section columns (150 mm shelf height)

According to the results obtained, it can be concluded that the change in the type of column
cross-section did not significantly affect the level of the building's vibration frequencies. However,
it did affect the change in material consumption and weight of the building by 24%, as well as the
moments of inertia. In particular, it was found that changing the type of cross-section can affect the
change in the direction of movement of the building's vibration forms.

Conclusion. As a result of the investigation, important data were obtained on the effect of
changes in the geometry of the cross-section of columns on the dynamic behaviour of multi-storey
reinforced concrete frame buildings.

Changing the type of column cross-section can significantly reduce the material consumption
and weight of a building. The research showed that by switching from a rectangular cross-section to
an l-shaped cross-section, the cross-sectional area of the columns is reduced by 24%. This reduces
the weight of the structure, which in turn reduces the load on the foundation and helps to save
money during the design and construction phases.

The modal analysis showed that changing the geometry of the column cross-section affects
the direction of movement of the building's vibration forms, but does not have a significant impact
on the values of the natural vibration frequencies. For all three cross-sectional variants considered,
the frequency changes do not exceed 10%. This indicates that it is possible to optimise structures
without significantly affecting their dynamic stability.

The analysis showed that the transition to I-shaped column sections significantly reduces the
moments of inertia, especially the free torsion moment (l;), which decreased by 80%. This change
may affect the behaviour of structures under combined loads, which should be taken into account in
further design.

The obtained results indicate the feasibility of using I-shaped column sections in the
construction of multi-storey buildings, where material savings and reduced foundation loads are
important. Reducing the dead weight of structures has a positive effect on the overall costs and
duration of the construction of the facility.

According to the obtained results it is advisable to extend the study to a larger number of
section types that correspond to modern materials and technologies.
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AHoTamisi. Y cydacHUX yMoOBax OyIIBHHMIITBO 0araTOIOBEPXOBHX OYIWHKIB CTa€ BCE OLIBII
aKTyaJbHUM, IO TPU3BOJUTH N0 30UIBLICHHS MIUJIBHOCTI 3a0ylOBH Ta PO3BHTKY TPAHCHOPTHOI
iHpacTpykTypu. OCTaHHIM YacoM HEYXWJBHO 3pOCTaroTh 00csArd OyJIBHUITBA B 30HAX, LIO
migaTees BiOparisiv pizHoro xapakrtepy. [locTiiiHuii BrutMB BiOpamiii, CIPHYMHEHUX 30BHIIIHIMH
YUHHUKAMH, TaKUMHU K TPAHCIOPTHI TNOTOKM a00 TMPOMHMCIIOBI YCTAaHOBKM, Ha Oy/iBII MOXe
BUKJIMKATH 3HAYHI 3MIIMIEHHS KOHCTPYKTHUBHHX €JICMEHTIB 1 MiJBHIIYBAaTH PIBCHb IIyMYy, IO €
JOJJATKOBUM HETaTHMBHUM BIUIMBOM Ha Oe3rneuyHe (yHKI[IOHYyBaHHS Oy/iBii. Takum 4uHOM, Ipobiema
KOHTPOJTIO BIUIMBY IIUX BiOpalliif Ha HAIHHICTB 1 JOBrOBIYHICTH OY/IBIi CTa€ BCE OUIBII aKTyaIbHOIO.

3MEHIIEeHHS BIUIMBY YacTOT HAa CTPYKTYPHI XapaKTEPUCTUKU KOHCTPYKIH Ta HAa HOpMallbHE
(YHKITIOHYBaHHSI OpraHi3My JIFOJAWHH BIPOBAKYETHCS 32 JIOMOMOTOI0 BiOpoi3oswii OyxiBens Ta
CHCTEM MOHITOPHUHTY CTaHy KOHCTpYKIii. OHAK BIUIMB 3MiHM Mepepi3iB KOHCTPYKTUBHHUX €IIEMEHTIB
HE JIOCITI/DKEHO MOBHICTIO.

MeTor0 aHOro JOCIHIIKEHHS € MOLIYK PalllOHAIBHUX KOHCTPYKTHBHHUX DILIEHb 3 TOUYKH 30py
MaTepiaJIOMICTKOCTI Ta EKCIUTyaTallifHoi NpuAaTHOCTI OymiBi, IO 3HAXOMUTHCS i BIUIMBOM
JMHAMIYHUX HABAaHTAXKEHb.

JUig aHami3y BIUIMBY 3MIHHM IONEPEYHOro Mepepizy KoJoH Oyno po3podiieHo 3 BapiaHTH
MOTIEPEYHOr0 Nepepi3y KOJIOH, y AKUX 3MiHIOBaNUCSA (GOpMH Ta TeOMETpUYHI po3Mipu. ['eomeTpuyHi
XapaKTEPUCTUKUA TIEPEPi3iB PO3PAXOBYBAIKCS 3a JIOMOMOror mporpamu "ApOar", a MomanbHMIA
aHaJIi3 BUKOHYBABCS 3a JIOTIOMOT0k0 iporpamMHoro komiuiekcy SCAD.

B pesynbrari po3paxyHKy Oyiau OoTpuMaHi Ipadiku KpUBHX B3aEMOJli, 0OMEXYIOTh 00JacTb
HEeCy4oi 3[JaTHOCTI Iepepidy MiJ Ii€l0 3YCHJb, SIKI MOXYTb OyTH MpHKJIaAeHI J0 Mepepisy, L0
aHaJ3yeThCs. 30KpeMa OZep>KaHO BIIACHI 4acTOTH 1 (POPMHU KOJNMBaHb, a TAKOX OLIHEHI IOINEepeyHi
nepepi3u KOJOH 3a iX IUIONICI0 1 MOMEHTaMH iHepIii. 3MiHa THUIy Mepepidy KOJIOH He CYTTEBO
BIUIMHYJIa Ha PIBEHb 4YacTOT KoJMBaHb OyniBmi. OJHAaK BOHAa 3MIHWJIA MAaTepiajOMICTKICTh 1 Bary
OyniBmi Ha 24%, TOOTO 3HAUYEHHS HAaBaHTa)KE€Hb BiJ BIACHOI Baru KOJIOH, IO TEpEeNaloThCs Ha
(dbyHIaMEHT TaKOXX 3HU3WINCS. 3HIDKCHHS HaBaHTaXeHb Ha (YHIAMEHTH JI03BOJIIE CYTTEBO
CKOPOTUTH BUTpPATHU Ha iX ynamTyBaHHS. Takoxk Oylo BHSBJIEHO, IO 3MiHAa THUILYy INEPEPi3y MOKeE
BIUIMBATHU Ha 3MIHY HaIllPSIMKY pyXy (GOpM KOJIMBaHb Oy IiBII.

Pe3ynbTaT JOCHIIKEHHST IEMOHCTPYIOTH MOXJIMBICTh ONTHUMIi3allii KOHCTPYKTUBHHMX PIIIECHb
yepe3 3MiHy I'eOMeTpii KOJOH, L0 J03BOJIE€ HE JIMILIE €KOHOMUTH pecypcH, ajie W 3abes3rnedyyBaTw
HaJllIiHy eKcITyaTallito Oy/1iBeb.

KuouoBi ciioBa: GaraTormoBepxoBi 3alli300€TOHHI Oy/iBii, METOJ CKIHYEHHUX EJIEMEHTIB,
YUCEeNIbHE MOJICNIIOBAHHS, MOAAJbHUI aHami3, BJacHI 4YacTOTH, pallioHaJbHI (OpMH MOMEpPEeYHHX
nepepisis, Gopma KOJIMBaHb.

Cratta Haaidnua 1o penakuii 5.12.2024
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AHotanisa. PoboTa HamiieHa Ha TTONAIBIINN PO3BUTOK AaHATITHYHUX METOJIB PO3PaXyHKY Ha
3ruH OaJIOK, 1110 OMMPAIOThC HAa HEOAHOPIHY CYLUIbHY NPYXHY OCHOBY BiHkiepa. Y naniit po6ori
PO3TISIAETECSA  BHUIAAOK, KONM Oallka 3HAXOJUTHCA IIiJ{ BIUIMBOM MapadoidHO-3MiHHOTO
MOTIEPEYHOr0 HABAHTAXXCHHSI, a HEOJHOPIIHICTh MPYKHOI OCHOBH 33/1a€ThCS E€KCIOHEHI1aIbHOIO
¢bynkuiero. B sBHIH 3aMKHYTIH (opmi BunHcaHi pyHAaMEHTaNbHI (YHKIIT Ta YACTHHHUN PO3B’ 30K
BIIMOBIAHOTO Au(epeHIliaibHOTO PiBHAHHA 3ruHy Oanku. JlaHi ¢QyHKHil € 0e3po3MipHUMHU Ta
MIPEJICTABIISIOTHCS A0COFOTHO 1 PIBHOMIPHO 301KHUMH CTEIICHEBUMU psjiaMu. B cBOIO uepry, uepe3
BKa3aHi (YHKIT BUpaXKaloTbcs (HOpMyNnH Uid MapaMmeTpiB HaNpyKeHO-AePOPMOBAHOTO CTaHY
0aJKu — TPOTHMHY, KyTa IOBOPOTY, 3THHAJIBHOIO MOMEHTY Ta momepedHoi cuiu. Heimowmi
KOHCTaHTH IHTETpyBaHHS B IIUX (HOpMYIIax BUpPaKEH] 4epe3 MOYaTKOBI MapaMeTpH, SIKi 3HAXOIAThCS
iy pearizanii 3aJaHiX TPaHUYHUX YMOB. THM caMuM, pO3paxyHOK Oallki Ha 3THH 3BOJUTHCS IO
IpoIelypy YUCENbHOI peanizallii SBHUX aHAIITHYHHUX (QOpPMYN Ui MapaMeTpiB HaIpyKeHO-
nehOpMOBAHOTO CTaHY.

Ha npuknani mnpoAeMOHCTPOBAHO TMPaKTHUYHE 3aCTOCYBAHHS OTPUMAHUX PO3B’SI3KIB.
PosrnsiHyTo npusMatnyHy O€TOHHY OaliKy, IO ONUPAEThCS Ha €KCIOHEHLIAJbHO-3MIHHY MPYXHY
OCHOBY. Pe3ynbTaTu po3paxyHKy aBTOPCBKMM METOZOM IIpPEJCTaBlI€HI B YHCEIBHOMY Ta
rpadiuHoMy hopmaTax s BUMAAKY, KOJIM 00MIBa KiHIl Oanku 3akpirieHi. OTpuMaHi aBTOPCHKUM
METOJIOM YMCeNbHI 3HAUCHHs TPAKTYIOThCS SK TOYHI, OCKUIBKM 3aCTOCOBAaHMM METOJI PO3pPaxyHKY
I'PYHTY€ETHCS HA TOUHOMY PO3B’SI3KYy BIAIOBIAHOTO Ju(epeHIialbHOoro piBHAHHA. HasBHICTh Takux
PO3B’A3KIB JI03BOJISIE MUISAXOM TIOPIBHSHHSA OILIHIOBAaTH TOYHICTh PO3B’S3KIB, OTPUMAaHHUX 3a
JIOTIOMOT'OI0 PI3HOTO POy HAOJMIKEHUX METOIIB. 3 METOI0 TaKOro MOPIBHSIHHA, B poOOTI HaJIaHO
pe3ynbTaTu pPO3paxyHKy, IO OTpuMaHi MeTonoMm ckiHdeHHuHX eneMmeHTiB (MCE). BusnaueHo
abcomotHy moxudky MCE npu po3paxyHKy JaHOi KOHCTPYKIIii.

KurouoBi cioBa: 6anka, HeoJHOpiAHA MPYKHA OCHOBA, E€KCIOHEHIIIalbHA HEOJHOPIIHICTb,
rinote3a Binkiepa, TOUHHIT pO3B’SI30K, aHATITHYHHN pO3paXyHOK.

Beryn. Korcrpykiis, mo siBisie coboro 0anky Ha MPYXKHIA OCHOBI, YaCTO 3aCTOCOBYETHCS B
1H)KEHEepHIN MPaKTUIl, B TOMY YHCIIi, B IPOMHUCIOBOMY Ta IIMBUIHOMY OyAiBHUITBI, B 3a1i3HUYHIH
raiysi, NJIpoTexHilli, KopadiaeOyayBaHH1, apOKOCMIUHIM TEXHIIl Ta IHIIUX.

3 yucna ICHYIOUMX MOJeNeil Mpy)KHOI OCHOBM IIMPOKOTO MOLIMpeHHs HalOyna Tak 3BaHa
Mozenb Binknepa. VY miii Mozaeni TMpyXHa OCHOBA, Ha $KY OIHUPAETHCS KOHCTPYKLS,
NPEJCTABISETHCS Y BUTIIAAI HAOOPY BEPTHKAIBHUX, OJNIM3bKO PO3TAIIOBAaHMX, HE MOB’S3aHUX MIXK
co0oro TpykuH. Taky CHUTYyaIlilo 3arajJoM MOXXHA OIHCATH €JIWHUM IapaMeTpOM, SIKUH Ha3UBaIOTh
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MOJTyJIEM MPYXHOCTI OCHOBU M KOE(IIIEHTOM MOCTeNi. Y HalIPOCTIIIOMY BHIAJKY, KOJIU IPYyKHA
OCHOBA BBAXKAETHCS OAHOPITHOIO, KOS(DIIIEHT IMOCTENI € CTAIUM, [0 CYTTEBO CIIPOIIYE PO3B’I3aHHS
BiJIMOBIAHOTO MU(EPEHIIIaTBLHOTO PIBHSIHHS 3THHY 0anku. [[uM MOKHA MOSICHUTH MIUPOKO BXKUBAHE
MPUITYIICHHS TTPO OJHOPITHICTh OCHOBU. OJJHAK 3araJiIbHOBIIOMO, 110 TaKe MPHUITYIICHHS JaIeKe BiJ
peanbHOCTI 1 A7 OUTBII SIKICHUX JAOCIHIHKEHb HEOOX1THO BPaXOBYBATH HEOJHOPIIHICTH (3MIHHICTB)
ocHoBH [1]. B Takomy Bumnaaky koedirieHT mocreni Oyae 3MIHHUM Y3[I0BX OCl OajKH, 0 CYTTEBO
YCKJIQJHIOE PO3B’SI3aHHs BIAMOBIAHOTO TU(epeHIiaTbHOro piBHAHHA. ToMy B OJIOHUX CHUTYyamisx
IUIsL pO3B’sI3aHHS 3a/1a4i YacTO 3aCTOCOBYIOTh Pi3HOTO POAY HAOJIMKEHI METOIH.

JHarna pobGoTa TpHCBSYECHA AHATITUYHOMY PO3pPaxXyHKy Oalku HAa 3THMH y BUMNAJAKY, KOJHU
HEOJTHOPIIHICTH MPY’KHOT OCHOBHU OIUCYETHCS EKCIIOHEHIIAIEHOIO (DYHKITI€H0.

AHali3 ocraHHix pgocailkens Ta mnyOmikauiii. I[lonpu BenmKy KUTBKICT MyONiKaIlii,
MIPUCBSYCHUX PO3PAXyHKY OAJIOK Ha MPY)KHIN OCHOBI, TIIPKH HEBEJIMKA KUIBKICTh 3 HUX IMPHCBSUCHA
BUIIQJIKy 3MIHHOTO Koe(illleHTy mocTesi. Brepie takuii BUNagoK Oyio MpeacTaBiIeHO B MOHOTpadil
[2]. ABrop MoHOTrpadii pO3IIISIHYB OJHOPINIHY OallKy Ha TPYXKHIH OCHOBI 3 JIHIHHO-3MIHHUM
KOe(iI[IEHTOM ITOCTENI Ta OTPUMAB BIJIIOBIIHUI PO3B 30K, CIIMPAIOYUCh HA Teopito psiniB Teinopa. ¥V
ctarti [3] PO3MISIHYTO BHIAJIOK, KOJM KOE(IIIEHT IMOCTEIl € CTEMEHEBOK (DYHKINEID KOOPIMHATH.
OnHak aHATITUYHHUNA PO3B’ 30K OTPHMAHO TLIBKH JIJIsl BUIIAJKY, KOJIM CTEMiHb AopiBHIOE 1. Jlis iHIIMX
MO3UTUBHUX 3HAYEHb CTEMCHS PO3POOJIEHO YHMCEIbHY METOMUKY pO3B’si3aHHs. ABropamu [4]
3allpONIOHOBAHO ~ AHAJITUYHUA METOJl PO3paxyHKy OajloOK Ha HEOJAHOPIMHMX TIPYHTaX, IO
CYIPOBOKYETCS BIATIOBITHOIO YHCEIBHOIO CXEeMOK. B AKOCTI 1HCTpyMEHTapiio AOCHiIKEHb TYT
3aydeHo Teopito (pyHkmii ['piHa, 110 TO3BOJIMIO 3BECTH BUXIIHY 3a7ady JO CUCTEMH IHTETrpajbHUX
piBHsiHb. [licns quickpeTH3allii, aHi piBHSAHHS PO3B’SA3YIOThCS YMCEIHHO 32 KBAJIPATYPHOK CXEMOIO
I"aycca-Jlexannpa. B poGoTti [5] posrisgaerbess BUMAAOK JIIHIMHO-3MIHHOTO KoedillieHTa MOCTedi.
AHAIITHYHUAN PO3B’SA30K BIAMOBITHOTO JU(EPEHITIATLHOIO PIBHSIHHS 3TMHY OQJKM TYT OTPHMaHO B
SIBHI 3aMKHYTii (opMmi B TepMiHax y3arajJbHEHUX TrinepreoMerpuudux (yHkimid. ITyomikariio [6]
MIPUCBSYEHO TOHKUM OankaM Ha HEOTHOpPiAHIM ocHOBI Binknepa. [Ins po3B’s3Ky BiIMOBIIHOTO
audepeHIialbHOr0 PIBHSHHSA TYT 3aCTOCOBYETHCS METOJ CKIHYEHHHX pi3HHIb. ABropu [7] 3a
JIOTIOMOT'OK0 METOJIy TOMOTOITIYHOTO aHAi3y OTPUMAIM HOBI aHAJITHUYHI PO3B’S3KU JUISI CTATHYHOTO
MPOTMHY aHI30TPOITHUX KOMITO3UTHHX OAJIOK, 1110 CIIMPAIOTHCS HA MPY)KHY OCHOBY 3MiHHOT )KOPCTKOCTI.
30Kkpema, po3IJITHYTO BUIIAI0K, KOJIM KOS(IIIEHT MOCTEN 3MIHIOEThCS 3a JITHIHHUM 3aKOHOM.

JleranpHuii orysin poOIT Mpo 3ruH 0ajok, 10 OMUPAIOThCS HA MPYXKHY OCHOBY BiHkiepa,
HagaHo B myOmikamisx [8, 9]. ABtopu [8] micis BIANOBITHOTO aHaii3y KOHCTATYIOTh, IO B
HAyKOBIM MepioAMili BiICYTHI poOOTH, SIKI CTOCYIOTHCSI aHAJITUYHUX PO3B’SI3KIB 337a4l PO 3TUH
0anmku, KoM Koe(iIieHT MOcTeni € 3MIHHUM, OKpPIM BHIIAJKiB, KONU BIH 3aJa€ThCs JIHIHHOIO
¢ynkuiero. B miit ke poOoTi 3HAWIEHO aHAIITUYHUN PO3B’A30K AT OKPEMOTO BHUMAJKY, KOJHU
KOoe(illi€HT MOCTEeN 3MIHIOETHCS 32 OIHOMIAaTBLHUM 3aKOHOM 3 TIOKa3HUKOM cTeneHs — 4. B minomy,
MICHsS OTMIsAAy HU3KHM MyOmikaiiid, aBTopu [9] mMpUXOAATh A0 BUCHOBKY, IO Y BUMAJAKY 3MIHHOTO
Koe(illieHTy MOCTeNi JOCTIIHUKH HaidacTiie 3acTocoByioTh MCE.

OTxe, po3poOKa aHATITUYHUX METOJIIB PO3PaXyHKY OaloK, 10 OMUPAIOTHCS HAa HEOJHOPIIHY
MPYKHY OCHOBY, € aKTyaJIbHOIO HayKOBOIO TIpobsieMoro. BupinieHHo g1aHoi mpobieMu IpUCBSUEHO
HU3Ky myOumikaiiid [10-12]. 3okpema, B po6oti [10] po3pobieHo aHATITHYHUI METON PO3PaXyHKY
0aJoK, 110 OMUPAIOTHCA Ha CYLUIbHY HPY)XHY OCHOBY BiHKiepa, KOJIM MOTOHHMHA KOEQIiIieHT
noctem K(X) Ta HaBaHTakeHHS (|(X) 3aMalOThCs JNOBUIBHUMM HENEPEepPBHUMU (YHKIISIMHU, a

3rUHaNbHa KOpCTKicTh El  BBaxkaerbes cranor. Meron IpyHTYETbCS Ha TOYHOMY pO3B’SI3KY
BIJIMOBIAHOTO JU(EPEHLIaTIbHOTO PIBHSAHHS 3TUHY OaJIKH:

Ely™(x) +k(x)y(x) =a(x). 1)

Crnupatounch Ha pe3yabTatu [10], B poGorax [11, 12] po3riasHyTO /1Ba KOHKPETHI BUMAJIKU

s 3MiHHOrO Koedimienty mocterni. Tak B myOmikamii [11] HeomHOpPIAHICTH MPYKHOI OCHOBH

3aJJa€ThCSl CTENEHEBOIO (DYHKIIIEIO 3 JOBUIBHUM HEBIJI'€MHUM IOKa3HUKOM cTeneHs. [lpu mpomy

MoTepevyHe HaBaHTaXEHHs Ha OaJKy BBaXKae€TbCs CTAIMM. B SKOCTI MpHKIaLy pO3MNISHYTO Oanky,

II0 OTMMPAEThCS Ha KyOIYHO-3MIHHY TIPYXHY OCHOBY. B crarTi [12] KoedilieHT mocTeli 3MiHIOEThCS

3a mapaboIIYHIM 3aKOHOM, a JAifoue Ha Oanky 3MiHHE HaBaHTAXEHHS 3a/JaHO JIIHIWHUM 3aKOHOM.

Modern construction and architecture, 2024, no. 10, page 27-36



BUILDING STRUCTURES

PesynpTaTi po3paxyHkiB B 000X BUNAJIKaxX MpPEACTaBICHI B YHCEIbHOMY Ta rpadiuHoMy popmarax.
Jlnst TOpiBHSHHS, HaJaHI TaKOX pe3yibTaTH po3paxyHkiB, mo orpuMani MCE. Busnaueno
noxubky MCE npu po3paxyHKax JaHUX KOHCTPYKIIiH.

Jlany poOOTy aBTOpH MO3UITIOHYIOTh SIK YePrOBUI KPOK Ha IUISIXY PO3BUTKY aHATITHYHUX METOJIIB
po3paxyHKy. BoHa € JIoriuHIM ITPOIOBKEHHS TOCIIDKEHb, 3all04aTKOBaHKUX B cTaTTsx [10-12].

Merta Ta 3aBaaHHs. Mera JOCTIIDKCHHS — IOAAJbIIUN PO3BUTOK AHATITHYHUX METOJIIB
PO3paxyHKy OaJIOK, 10 OMUPAOTHCS HA HEOAHOPIIHY CYIUIbHY MPYKHY OCHOBY BiHKepa.
3aBIaHHs JOCIIKCHHS

— BUKOHATH aHATITUYHHUN PO3PAXyHOK peayibHOi 0aJ04HOT KOHCTPYKIIi, IO OMUPAETHCS Ha
HEOAHOPITHY €KCIOHEHITIaIbHO-3MIHHY TIPYXKHY OCHOBY, aBTopchkuM MeTooM (AM) ta MCE;

— Bu3HauuTH Moxuoky MCE nipu po3paxyHKy 1aHOi KOHCTPYKIIi.

Marepiajn Ta MeTOAUKA JOCTiIKeHHs. /[ IOCTIKEHb TYT 3aCTOCOBYETHCS paHIIIe
pospo6iienuit B [10] AM pospaxyuky. IIpu po3poOiti AM CyTTEBUM YHHOM BHKOPHUCTOBYBAIHCH
Teopis PyHKIIOHATBHUX PAIIB Ta TEOPis 3BHUAWHUX NU(EpeHIiaTbHUX PiBHIHb. AM IPYHTYETHCS
Ha TOYHOMY pO3B’SI3Ky AHM(EpEeHLIaTbHOTO PIBHSHHS 3rHHY OalKy B y3arajlbHCHOMY BHIIAIKY
HETIepEPBHO-3MIHHUX KOeQilieHTiB. B CBOO uepry, TOUHUN pO3B 30K 3HANIEHO METOAOM TPSMOTO
IHTerpyBaHHs, SIKMi PO3BUHYTO B poboTax [13-15].

PesyabTaTn gociimkenb. O0’€KTOM JOCITIKCHHsT € OanKa CTajoi 3rHHAIBHOT dKOPCTKOCTI
El , mo onupaerbcs Ha HEOMHOPIAHY CYIUIBHY MPY)XKHY OCHOBY BiHKIepa Ta 3HAXOAUTHCS IIiJ
BIUTHBOM 3MIiHHOTO HETEPEPBHO-PO3IOIIICHOTO MOMEPEYHOr0 HaBaHTaeHHs (puc. 1).

q(1/2)

it

k(0)
k(x)

AAAAAAAARARARANAARAARRARARAAR
AR RAARAAARARARRARARARAARAL]

k(7)

Puc. 1. Po3paxyHkoBa cxema Oanku

KoedirienT mocreni 3MIHIOEThCS 32 €KCTIOHEHIIIAIbHUM 3aKOHOM:

k(1)
k(x)=k(0)ex 55) o=In—+, 2
(9 =k©exp( 52 - @)
a Jliroue Ha OajKy HaBaHTaXEHHS BBAXXA€ThCS MapadO0JIIYHO-3MIHHUM:
q(x)=4q(|/2)|5[1—|5], q(1/2) #0. @3)
B po6ori [10] mis koedimienra mocreni K(X) Ta HaBaHTakeHHs (|(X) TPUAHSTI MOJAHHS:
k(x) =k,B(x); q(x) =q,C(x), (4)

ne K,, 0, — BIJIOBITHO 3HAYCHHS ITOTOHHOTO KOEQIIi€HTY ITOCTeNli Ta HABAaHTAXXCHHS y TEBHIH
xapakrtepHiit Touni 6amku; B(X), C(X) — 6e3po3mipHi HenepepBHi QYHKIIII, SIKi BHPAXKAIOTH 3aKOHU
3MIHU TIOTOHHOT'O KOe(illi€HTY MOCTENI Ta PO3IMOIIIEHOT0 HaBaHTaKEHHS Y3/I0BXK JIOBXKUHU OaJKH.
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OTxe, 6e3nocepeHbo 3 hopmyi (2)-(4), A BUMAIKY IO PO3TIIAAAETHCS MATUMEMO:

k, =k(0), B(x)= exp( Ij q, = 4q(1/2), C(x)_——(lijz. (5)

Jlns mocomikensst 3runy 6anku B [10] orpumani HacTynHi dopmyiu mis aporuny Y(X), Kkyra
noBopoty @(X) , sruHansHoro Mmomenty M (X) ta momepeunoi cumu Q(X) :

Y0 = YOX,00+pOX, (0 -MOL X, (000 L x, 00+ B x.0; @)
200 = YO X0+ 00,0 -MO = %,00- 00 L X, 00+ B x0; )
M(3)=-y(0) 5 X,00-9(0)=- X, (9 + MO0 +QOIX, (0 -6 X, (0;  (®)
Q) =-¥(0) 5 X0~ 00 X, (0 +MOT K0 +QOK, (0 -0Xs(¥. @

I3 popmyi (6)-(9) BugHO, 1m0 BusHaueHHs nepemimens Y(X), @(X) Ta BHyTpilIHIX 3yCHIIb
M(x), Q(X) B Gamui 3BoauThCs 10 OOumMcneHHs 3HadeHb Qymkmii X, (X) (N=12,3,4,5) Ta ix

6esposmipamx moximmux X, (X), X, (X), Xn(x) (n=1,2,3,4,5). Tomy I0LiILHO BUIMCATH IJIS HHUX
KIHIIEB1 PO3PaxXyHKOBI (JOPMYIIH. 3FiILHO 3 pesynbratamu podotu [10], maTumemo:

X (X)= ( j ZZ( K)“c,. (ij (n=1,2,3,4,5). (10)

Xl(x>=gj°'zo(—l<)qu,j(,fj Sxw=(F] ka;'ZO(—K)kcn,k,,(%j (1=2345); (11)
X0-33 (] R0-33 ke, (5] w2
X (X) = (j ZZ( K)€, (TX (N=3,4,5); (13)
W= 061 R0=ESC0e(F] 0 ae
Xs(x)=ii(—K)késk,(T] N Xn(x){%j_ii(—mké (Tj (n=4,5); (15)
_kl®
CElC
Koedimientu psais (10)-(15) Tyt mocimigoBHO 00UHCITIOIOTHCS 3a GOpMyTaMu:
_ 1 . _ _ - .
C”'O’O_(n—l)!' Coo; =0 (n=12,34)(j=123,..),; (16)
= <, (j=012,.); (17)
Csm—(,-+1)(,-+2)(,-+3)(,-+4) J=RA8)
cn,k,,.:pl By iCoss (7=1.234,5)(k=123,.)(j=012..); (18)
pn’k'j:(n+4k+j—4)(n+4k+j—3)(n+4k+j—2)(n+4k+j—1); (19)
Cooo=N-1 (N=12); G o0=— (N=3,4); G, =0 (N=1234)(j=123..); (20)
o 007 (n=2)! o
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Co0,5 = = (i=012..); (21)
GGGy
G =Cox;(M+4k+j-1) (n=12345)(k=123,..)(=012..); (22)

Coo=0 (N=12); C,o,=1 (n=3,4), nyoljzo (n=1,2,3,4)(j=L23,..); (23)

65'0‘1- :m (120,1,2,), (24)
5nkj—cnk](n+4k+j—2) (1=1,2,34,5)(k=123,.)(j=012,..): (25)
5=0 (1=12,3); 6,00 =1 €0, =0 (1=12,34)(j=123..); (26)
bso, =.C—j (j=012.); 27)

Corj = Copj(n+dk+j=3) (n 12,34,5(k=123..)(j=012..). (28)

B nasenennx popmynax B;, C; (j=0,12,...) — ue xoediuientu B psagax Maxnopena mis

6e3posmipaux (ynxmiii B(X), C(X) Bimmosigno, 3amicanux no cremnensM 6e3po3mipHoi 3Minnoi X/ .
V Haiomy BUIAJIKY, 3Baarouu Ha (5) Ta CKOPHCTABIINCH PAA0M MakjiopeHa JUis eKCIIOHEHTH:

Sx 82 (xV &8 (x\
BOO=1+5 7+ (Tj +§(T) Foee
3HaXOIII/IMO:

i
B, =1 B, =% (j=123,..), C,=0, C,=1, C,=-1, C,=0(j=3,45,.). (29)

ITo cyti, dopmynamu (6)-(29) BH3HAYCHO AJITOPUTM AHATITHYHOTO METOAY PO3PaAXYHKY
3aaHol Oaiku. [laHuii aropuT™ pealti3oBaHO MPOTPAMHO.

Ilpuknao. TlpoBeneMo po3paxyHOK MPU3MATUYHOI OETOHHOI OanKku 3 o0oMa 3aKpIIICHUMH
kiHmsmu (puc. 1). Takomy Bunaaky BiMOBIIATUMYTh TPAaHUYHI YMOBH:

y(0)=0; 9(0) =0; y(I)=0; (1) =0.

Omxe, nea mouarkosi mapamerpu Y(0), @(0) Bimomi. /IBa iHIIMX MOYATKOBUX IApaMETPU
M (0), Q(0) smaiimemo i3 cucteMu piBHSHB, Ky OTPUMAEMO MICIS peai3allii rpaHHYHUX YMOB Ha
kini X =1, BukopucroBytoun ¢Gopmymu (6), (7). Y miacymky piBHocti (6)-(9) mis 3amanux
IPaHUYHUX YMOB 3aIMIIYTHCS Y BUTJISII:

y(x) = ‘; : (AX5 (0 + A, X, (X) + X5 (X); 9(X) = g : (X5 (%) + 2, %, (%) + X(x)
M (X) = =0l 2 (A, X5 (X) + 2, X, (X) + X5(X)); QX) = ~ol (A, X5 (X) + A, X, (X) + X5(X))
Pi(S]

X WX ) =X, MXs 1), X)X ) - X ()X, (1)

FTX MR- X X, () & Xa (DX, (1) =X, ()X, (1)

Buxioni dani: Jloxuna Oanku | =5m; Hlupuna migomsu Ganku b=0,25m; Bucora Ganku
h=0,6m; E=15-10"«lla; k(0) =1,5-10° ki [ m*; k(1) =4-10° kH | m*; q(1/ 2) =120xH | m.
Pesynbratn po3paxyHky AM B umcioBoMy QopmaTi TpeacTaBieHo B Tadu. 1, 2 a B

rpadiuHOMy — Ha puc. 2. J{is nopiBHAHHSA B Ta01. 1, 2 TakoXx HajaHi pe3ynbTaTi po3paxyHky MCE
y nporpamHoMy komiuiekci JIIPA.
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Tabmuus 1 — 3HaueHHS KIHEMaTHYHHUX TapaMeTpiB

y y(X), mm BinHocHa o(X), pao BinHocHa
AM MCE noxubka, % AM MCE rnoxuoka, %
0 0,000000 | 0,000000 0,00 0,000000 0,000000 0,00
0,25 | 0,081470 | 0,084000 3,11 0,000622 0,000640 2,89
0,5 | 0,296432 0,305000 2,89 0,001069 0,001100 2,95
0,75 | 0,601868 0,620000 3,01 0,001348 0,001388 3,01
1 0,957207 0,986000 3,01 0,001470 0,001516 3,08
1,25 | 1,325332 1,365000 2,99 0,001453 0,001499 3,16
15 | 1,673448 1,725000 3,08 0,001314 0,001356 3,25
1,75 | 1,973797 2,035000 3,10 0,001074 0,001110 3,35
2 2,204237 2,273000 3,12 0,000758 0,000785 3,50
2,25 | 2,348681 2,423000 3,16 0,000391 0,000406 3,84
2,5 | 2,397403 2,474000 3,19 -0,000003 -0,000001 74,09
2,75 | 2,347215 2,422000 3,19 -0,000396 -0,000407 2,74
3 2,201512 2,272000 3,20 -0,000763 -0,000786 3,05
3,25 | 1,970193 2,034000 3,24 -0,001077 -0,001111 3,16
3,5 | 1,669461 1,724000 3,27 -0,001314 -0,001356 3,22
3,75 | 1,321492 1,364000 3,22 -0,001451 -0,001498 3,25
4 0,953987 0,985000 3,25 -0,001467 -0,001515 3,26
4,25 | 0,599596 0,619000 3,24 -0,001343 -0,001387 3,25
45 | 0,295208 0,305000 3,32 -0,001065 -0,001099 3,24
4,75 | 0,081109 0,084000 3,56 -0,000619 -0,000639 3,22
5 0,000000 | 0,000000 0,00 0,000000 0,000000 0,00
Tabmuus 2 — 3HaueHHs CHIIOBUX HTapaMeTpiB
“ M (X), kHm BinHocHa Q(x), xH BingnocHa
AM MCE moxuoxka, % AM MCE moxuoxa, %
0 -192,021207 | -197,525131 2,87 192,841855 197,654053 2,50
0,25 | -144,053814 | -148,348938 2,98 189,952660 194,806778 2,56
0,5 | -97,489679 | -100,570374 3,16 181,725534 186,575439 2,67
0,75 | -53,581381 -55,458664 3,50 168,814024 173,573822 2,82
1 -13,419455 -14,129933 5,29 151,860637 156,412872 3,00
1,25 | 22,064640 22,452042 1,76 131,495226 135,700333 3,20
15 52,095196 53,474960 2,65 108,333782 112,040428 3,42
1,75 | 76,048685 78,277122 2,93 82,977687 86,033524 3,68
2 93,450075 96,346413 3,10 56,013531 58,276199 4,04
2,25 | 103,969167 | 107,319420 3,22 28,013535 29,361370 4,81
2,5 | 107,417136 | 110,980476 3,32 -0,463312 -0,121600 73,75
2,75 | 103,743437 | 107,260925 3,39 -28,869345 -29,586151 2,48
3 93,033303 96,238434 3,45 -56,665474 -58,447960 3,15
3,25 | 75,506041 78,136536 3,48 -83,317520 -86,124107 3,37
3,5 51,514360 53,324486 3,51 -108,291591 | -112,031647 3,45
3,75 | 21,544980 22,317429 3,59 -131,048452 | -135,586304 3,46
4 -13,779216 -14,223109 3,22 -151,036865 | -156,200714 3,42
4,25 | -53,695250 -55,488144 3,34 -167,685912 | -173,282410 3,34
45 | -97,294058 | -100,519684 3,32 -180,396329 | -186,231567 3,23
4,75 | -143,512231 | -148,208649 3,27 -188,530931 | -194,438690 3,13
5 -191,121250 | -197,292023 3,23 -191,404274 | -197,281708 3,07
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Puc 2. I'padiku mapameTpiB cTaHy Oanku:
A —mporun; b — kyT moBopoTy; B — 3sruHanpHul MOMEHT; | — momepedHa crna

Crnig 3a3HaunTH, 1O Yy mnporpamHoMy Komiuiekci JIIPA He mepembadeHO MOKIMBOCTI
0e3mocepeIHbO 3a7aTH 3aKOH 3MiHHM KOe(DIIiEHTY MOCTEN y3/JI0BXK JOBXKUHU Oanku. [l KOXKHOTO
CKIHYEHHOTO €JIEMEHTY 3Ha4yeHHs KOE(]III€HTy MOCTeNl 3aJa€TbCs SK CepeIHE apUPMEeTHUHE
3Ha4eHb Ha MOT0 KiHLSX, 10 BIUIMBAE HA BEIMYMHY TOXUOKH.

BucnoBku:

1. 3a pezynpraTamMu poOOTH OTpUMAIH MOAAIBIINN PO3BUTOK aHAIITUYHI METOAU PO3PAXyHKY
0aJoK, 110 ONMUPAIOTHCS Ha HEOJHOPIAHY CYLUIbHY IMpPYXHY OCHOBY BiHkiepa. BmposamxeHHs
TaKUX METOJIB B IHKEHEPHY MPAKTUKY 3a0€3MeUnTh O1IbIy TOYHICTh PO3PAXyHKIB.

2. Jlo mepeniKky HEYHCICHHHX MOOJAMHOKHX BHITAJKIB AHATITHYHUX PO3PAXyHKIB Oalku
JOJJAaHO 1I1€ OJMH, KOJIM HEOJHOPIIHICTh OCHOBU OIUCYETHCS €KCIIOHEHIIAIBHOIO (DYHKIIIETO.

3. Ockinbkrn AM TpYHTYETbCS Ha TOYHOMY pO3B’SI3KY BIAMOBIAHOTO IU(EPEHIIaIEHOTO
PIBHSHHS, OTPUMaHI TYT YMCENbHI pPe3yJbTaTH MOXKHA TPAKTyBaTH, K TOYHI. Taki po3B’s3KHU B
3aMKHEH1H (opMi € 0COOIMBO IIHHUMH, OCKUIBKA BOHH MOXYTh CIYXKUTU KPUTEPISMH, MO SKUM
MO’KHA OIL[IHIOBaTH TOYHICTb PI3HOI'O POY HAOIMKEHUX PO3B’SA3KIB.

4. YucenbHOo BU3HaueHO NMoxuOKy po3paxyHkiB MCE y nporpamuomy kommiekci JIIPA nns
KOHCTPYKIIIT IO pO3TJIsiaaiacs.

5. [lepcrieKTHBY MOAATBIINX JIOCIIKEHb aBTOPH OB A3YIOTh 3 PO3IJISJIOM 1HIIMX BUIAJKIB,
KOJIU HEOJHOPINHICTh NPYKHOI OCHOBM BiHKIepa omMcyeTbCsi 3aKOHaAMM 3MiHM KoegillieHTa
MOCTel, BiICYTHIMU B HAYKOBIH JiTeparypi.
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ANALYTICAL CALCULATION OF A BEAM BASED ON AN ELASTIC WINKLER
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Abstract. The article is devoted to the analytical calculations for beam bending based on
nonhomogeneous solid elastic Winkler base. In this paper we consider the case where the beam is
subjected to a parabolic-variable transverse load and the inhomogeneity of the elastic foundation is
given by an exponential function. The fundamental functions and partial solution of the
corresponding differential equation of beam bending are written out in explicit closed form. These
functions are dimensionless and are represented by absolutely and uniformly convergent power
series. In turn, these functions are used to express the formulas for the parameters of the stress-
strain state of a beam such as deflection, angle of rotation, bending moment, and shear force. The
unknown integration constants in these formulas are expressed through the initial parameters, which
are found after the implementation of the given boundary conditions. Thus, the calculation of a
bending beam is reduced to the procedure of numerical implementation of explicit analytical
formulas for the parameters of the stress-strain state.

The practical application of the obtained solutions is demonstrated by an example. A
prismatic concrete beam based on an exponentially variable elastic foundation is considered. The
results of the author's calculation are presented in numerical and graphical formats for the case
when both ends of the beam are fixed. The numerical values obtained by the author's method are
interpreted as exact values, since the applied calculation method is based on the exact solution of
the corresponding differential equation. The availability of such solutions makes it possible to
evaluate the accuracy of solutions obtained using various approximate methods by comparison. To
such comparison, the paper presents the results of the calculation obtained by the finite element
method (FEM). The absolute error of the FEM in the calculation of this structure is determined.

Keywords: beam, nonhomogeneous elastic foundation, exponential inhomogeneity, Winkler
hypothesis, exact solution, analytical calculation.
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RETROSPECTIVE ANALYSIS OF THE REQUIREMENTS OF REGULATORY
DOCUMENTS FOR SEISMIC RESISTANT CONSTRUCTION OF MASONRY
BUILDINGS

"Murashko O.V., Doctor of Engineering Science, Associate Professor,
alexeymurashko@gmail.com, ORCID: 0000-0002-2812-5951
Woloshchuk V.V., graduate student,
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Abstract. The article presents the results of a retrospective analysis of the building codes for
the design of masonry buildings in seismic areas. The main attention is paid to the regulatory
documents that were developed from the 1930s. The main regulatory documents that were
introduced in Soviet times and their improvement are considered. The approval of regulatory
requirements for seismic resistance in Ukraine, the introduction of seismic zoning maps depending
on the place of construction. The main part of the paper contains a table comparing the main
parameters, criteria and requirements of regulatory documents for the design of masonry buildings
in seismic areas. The table can be used to track trends in the increase of requirements for seismic-
resistant construction both by certain criteria (checking the strength of off-center compression,
opening width, the ratio of the width of the partition to the width of the opening, etc. Based on the
results of the assessment, the paper describes the possible use of retrospective analysis in the visual
assessment of the seismic resistance of masonry buildings.

The systematisation of building codes performed in the paper makes it possible to: first, to
trace trends in the development of regulatory documents; second, to identify elements that are
obviously deficient in seismic resistance; third, to emphasise the list of issues that should be given
priority attention during certification.

Thus, the year of construction, when compared with the regulatory documents which were
valid at the time of construction, makes it possible to make a conclusion about the degree of initial
prerequisites and solutions made in the project. The practical interest of this table is that when
collecting information as part of the assessment process, based on the date of construction of the
building, it is possible to conclude which clauses of the applicable regulatory documents the facility
potentially does not comply with.

Keywords: seismic resistance, assessment system, retrospective analysis, regulatory
framework.

Introduction. Today, in seismic areas of many countries, an important task is to assess the
seismic resistance of buildings. The seismic resistance of buildings is assessed by applying a
comprehensive seismic resistance assessment system. The first stage of this system is visual
assessment, which includes a set of procedures for certification, visual assessment and seismic
monitoring. To date, such a system has already been developed for buildings with a monolithic
reinforced concrete frame, and development is ongoing using the existing methodology for other
structural schemes of buildings. [1-3]. For this purpose, a comprehensive analysis of the regulatory
framework for construction in seismic areas was conducted.

Analysis of recent research and publications. During the twentieth and twenty-first
centuries, requirements for the seismic resistance of masonry buildings in the territory of modern
Ukraine were developed. The development of the regulatory framework for ensuring earthquake
resistance in Ukraine dates back to Soviet times, when the territory of modern Ukraine was part of
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the USSR. During this period, the basis for regulating earthquake-resistant construction was the all-
Union norms that took into account the experience of construction in various seismically active
regions of the USSR, such as the Caucasus, Central Asia and the Far East. The development of the
regulatory framework for earthquake-resistant construction was aimed at addressing the challenges
of earthquake protection in various regions, including those that are now part of Ukraine. In the
1930s, the Soviet Union began to formulate the first rules for anti-seismic construction, according to
which the intensity was 5-8 points, attention was paid to the symmetry of buildings to avoid uneven
distribution of loads, and the use of rigid horizontal and vertical elms in structures was mandatory,
but the first recommendations included simplified approaches to calculating seismic impacts due to
the lack of advanced computing technology. In the 1950s, regulatory documents appeared, namely
PSP-101-51 "Regulations for Construction in Seismic Areas” and design guidelines SN 8-57.
"Norms and Rules for Construction in Seismic Areas" of earthquake-resistant structures. Their
creation was caused by significant earthquakes in the USSR, in particular in Turkmenistan
(Ashgabat, 1948), which had catastrophic consequences. These documents focused on the choice of
materials, design schemes and construction technology. Requirements were developed for the
rigidity of buildings and their ability to withstand horizontal loads during earthquakes [4-8].

The adoption of SNiP 11-7-81 "Construction in Seismic Areas" [9] not only improved the
methodology of calculations for seismic impacts, but this document also took into account
international experience and research results in Soviet research institutes.

After gaining independence in 1991, Ukraine began to adapt the Soviet regulatory framework
to national conditions, taking into account local geological features. In the current DBN B 1.1-
12:2006 [10] and DBN B1.1-12 2014 [11], the intensity of seismic impacts, in terms of
microseismic scale points, for the construction area should be taken on the basis of the General
Seismic Zoning Maps (GZM-2004) of the territory of Ukraine.

In addition to the introduction of seismic zoning maps, the requirements for materials,
structures and construction technology have become more stringent. This document has
significantly changed the situation with seismic risk assessment, as the intensity has been increased
by at least 1 point for a significant part of the territory of our country. Changing requirements for
buildings and increased seismic hazard have led to the fact that a large number of buildings need to
have their seismic resistance assessed.

Table 1 provides a comparative analysis of the requirements of regulatory documents for the
design of masonry buildings. Presentation in the form of a table makes it possible to follow the
trends in the change and development of regulatory documents, identify the most vulnerable parts
and elements that have insufficient seismic resistance, and indicate issues that should be given more
attention.

The purpose of the study. To perform a generalized retrospective analysis of the
requirements of regulatory documents regarding the seismic resistance of masonry buildings.

Materials and methods of the study. In this paper, we analyzed the project documentation
on the start of implementation and changes in the requirements for ensuring the seismic resistance
of masonry buildings. In particular, a retrospective analysis was performed for buildings with a
frame structural scheme [12-14]. Also, the American FEMA 154 indicates the year that shows
changes in the regulatory framework of requirements and norms, so it is possible to track the trend
of improving these norms and introducing more stringent requirements for the seismic resistance of
buildings [15].
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Table 1 — Comparative table of requirements for the design of masonry buildings

Criterion

SNiIP 11-12-62

SNiP 11-12-69

SNiP 11-7-81

DBN 2006
DBN 2014

1. Brick grade for masonry is not lower
than

M75

M75

M75

M75 | M75

2. The grade of mortar for masonry is
not lower than

M25

M25/50

M25/50

M50 | M50

3. Concrete stones, solid and hollow,
with a total density of not less than

1200 kg/m®

1200
kg/m?

800
kg/m?

1 category

Rp>1.8 kg/cm?

Rp>1.8 kg/cm?

Rp>1.8 kg/lem?

2 category

1.8 kglcm*>Rp>
1.2 kg/cm?

1.8 kg/lcm*>Rp>

1.2 kg/cm?

1.8 kglem™>

Rp>1.2 kg/cm?

4. Axial stretching Rp
3rd category

1.2 kg/cm*>Rp>
0.6 kg/cm?

1.2 kg/cm*>Rp>

0.6 kg/cm®

Rp>1.2
kg/cm?

4th category

0.6 kg/cm*>Rp>
0.3 kg/cm?

5. Emptiness

up to
20%

up to
35%

6. Off-center compression strength test

7. An anti-seismic belt (with a
supporting section of the floor) should
be arranged, as a rule, for the entire
width of the wall; in external walls with
a thickness of 500 mm or more, the
width of the belt may be 100-150 mm
less. The height of the belt should be at
least 150 mm, and the concrete gradel
should be at least 150. Anti-seismic belts
should have longitudinal reinforcement
of 4d10 for a design seismicity of 7-8
points and not less than 4 d12 for 9
points.

8. Stairwells on two sides of the building
for 9 points

9. The value of vertical
seismic load for the

7-8 points

calculated seismicity

should be taken as 9 points

15%

30%

10. Beam lintels shall be embedded in
the masonry walls by 30-35 cm. Lintels
with a span of up to 1.5 m are allowed to
be embedded by 25 cm.

11. The removal of 7 points

1.5m

balconies at the calculated

seismicity should not 8 points

1.25m

exceed 9 points

1.0m

1.25m

1.5m
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Continuation of Table 1

o (o)) -
© © foe) © <
S S ~ g | &
Criterion = = = > >
o o o m m
Z Z P &) @)
n n n
1 category 8m
2 category 7m
7 points 6m 5m (6 m)
12. The height of the 3rd category 6m
floor of buildings with 4th category 5m
load-bearing stone walls 1 category 7 m
should not exceed in 2 category 5
areas with seismicity (in . m
case of reinforcement of 8 points 3rd category 5m om 4mGm)
masonry ywth rglnforced 4th category
concrete inclusions,
another height is 1 category 6m
allowed) o coins 2 category 5m . 35m |32m
P 3rd category (4.5m) (4.2 m)
4th category
6 points 20m
1 category 25m 18 m
. 2 category 20 m 15m
7 points 15m
3rd category 16 m 12 m
4th category 10m
13. The distance
between the axes of 1 category 20m 15m 12m
transverse walls or ) 2 category 16 m 12 m
frames that replace them | 8 POINts ——=—o category 2m om
is not more than
4th category
1 category 16 m 12m
) 2 category 12 m 9m
9 points 3rd category om
4th category
1 category
- 80m
7 points| 2 category sﬁirﬁgg rzjl(r)(re]as
3-4 categories
1 category 80m 80 m
sections should not 8 points seismic areas
exceed the standard 3rd category 60 m
seismicity 4th category
1 category  |No more than 60m 60 m 50
m
. 2 category  |No more than 40m 40 m
9 points 60 m
3rd category -
4th category -//-
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Continuation of Table 1

Criterion

SNIP 11-12-62

SNiP 11-12-69

DBN 2006
DBN 2014

SNiP 11-7-81

15. Connecting walls in masonry

The masonry infill
should be connected
to the frame by
reinforcement laid in
horizontal joints in
each direction from
the post at least
70 cm.

In the wall joints,
reinforcing mesh
1.5-2 m long should
be laid in the
masonry every
70 cmin height at a
design seismicity of
7-8 points and
every 50 cmat 9
points.

Reinforcing mesh with a
total cross-sectional area
of longitudinal
reinforcement of at least
1 cm?, at least 120 cm
long in each direction,
should be placed in the
masonry at wall joints
every 70 cm in height at
seismicity of 7 and 8
points and every 50 cm
at 9 points.

16. The width
of the walls
should be not
less than

6 points

0.64 m

7 points

1 category

0.77m

2 category

3rd category

4th category

09m

8 points

1 category

1.16 m

2 category

3rd category

4th category

9 points

1 category

2 category

1.55m

3rd category

4th category

17. The width

of the openings

should be not
less than

6 points

3.5m

7 points

1 category

2 category

3m

3rd category

4th category

25m

8 points

1 category

2 category

25m

3rd category

4th category

2m

9 points

1 category

2 category

25m

2m

3rd category

4th category
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Continuation of Table 1

o o —
«© «© @ 8 3
S | g n S | &
Criterion = = = > >
o
o o = m m
2 2 Z [a) &)
n n w
6 points
18. The ratio of the width of P . 03
the partition to the width of 7 points 0.33 0.35
the opening should be not 8 points 05 05
less than 9 points 0.75 0.8
6 points - 3.5m
19. Wall projections in the 7 points 4m 2m
plan are not more than 8 points o’m im
9 points 1m
20. The length of the _sectlon of resting of floor slabs and_ 120 mm 1120 mm 1120 mm | 120 mm | 120 mm
coatings on load-bearing structures shall be not less than:
21. Partitions shall be attached to the vertical structures of + + + N N
buildings, and for lengths over 3 m — to the ceilings.

Results of the research. Based on this study, before a visual assessment of seismic resistance,
based on the date of construction of the facility, it is possible to conclude which clauses of the current
regulatory documents the facility does not comply with. In particular, the DBN V.2006 and V.2014,
unlike the soviet standards, require that the strength of structures be tested for off-center compression
when calculating them. The requirements for supporting beam lintels remain common to all documents.
The requirements for the maximum floor height at different intensities are clearly visible, and the same
trend is observed in the permissible distance between the axes of transverse walls or frames.

The requirements for the installation of anti-seismic belts, slab abutment areas, beam lintels,
requirements for fixing partitions to vertical structures and for floors with a length of more than 3 m
remained unchanged.

The systematization of the requirements of the regulatory documents presented in the table
makes it possible to:

— first, to trace trends in the development of regulatory documents;

— second, to identify elements that obviously have a deficit in seismic resistance;

— third, to emphasize the list of issues that should be given priority attention during certification.

Thus, the year of construction, when compared with the regulatory documents in force at the
time of construction, makes it possible to draw a conclusion about the degree of initial prerequisites
and decisions made in the project. The practical interest of this table lies in the fact that when collecting
information as part of the certification process, based on the date of construction of the facility, it is
possible to conclude which clauses of the applicable regulatory documents the facility potentially does
not comply with.

Conclusions.

1. A retrospective review and systematization of regulatory documents on the seismic
resistance of masonry buildings has been carried out.

2. The tendency of development and detailing of the required parameters depending on the
category, score and dimensions of the structure was noted, the unchanged requirements and the
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requirements that were improved were identified.

3. According to the results of this study, when conducting a visual assessment of the seismic
resistance of a building, based on the year of construction, it is possible to determine the main
criteria to be paid attention to.
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PETPQCHEKTHBUHHIK AHAJII3 BUMOI' HOPMATUBHUX TOKYMEHTIB
3 CEUCMOCTIMKOI'O BYAIBHULTBA 10 BYJIUHKIB 3 KAM’SIHOI'O
MYPYBAHHAA
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Y00ecora deporcasna akademisi OyOiBHUYMBA Ma apXimeKxmypu
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AHoOTaniAg. Y CTaTTi NpPEeACTaBIEHO pe3yJIbTaTH PETPOCHEKTHBHOIO aHali3y OyIiBEIbHUX
HOPM IIOJI0 MPOEKTYBaHHS Oy/iBeNb 3 KaM'stHOT KIaaKu y ceiicMiyHMX paiioHax. OCHOBHY yBary
MPUIUICHO HOPMATHBHUM JOKyMEHTaM, siki po3poOisaucs 3 1930-x pokiB. Po3risiHyTo OCHOBHI
HOPMATHBHI JOKYMEHTH, $Ki OynM BBEAEHI 3a paASHCBKUX 4YaciB Ta iX YJZOCKOHAJCHHS.
3aTBep/PKEHHS] HOPMAaTUBHUX BUMOT JIO CEHCMOCTIMKOCTI B YKpaiHi, BBEJICHHS KapT CEHCMIYHOTO
paifoHyBaHHS B 3aJIKHOCTI Bix micus OyniBHUITBA. OCHOBHA YaCcTHHA CTATTI MICTUTH TaOJIHIIO
MOPIBHSAHHS OCHOBHMX IapaMeTpiB, KpUTEpiiB Ta BHMOI HOPMAaTHUBHMX JOKYMEHTIB J0
MPOEKTYBAaHHS Oy/IiBeNb 3 KaM'sTHOTO MYPYBaHHS y CEHCMIYHUX paliOHax. 3a TOTIOMOTOI0 TaOJUII
MOKHa BIJICTEKUTU TEHJICHII MiJBUIICHHS BHUMOI JO CEMCMOCTIMiKOro OyIiBHMIITBA, SIK 3a
OKpEMHUMH KpHUTEpisiMU (TIepeBipKa HECY4Oi 3/[aTHOCTI Ha MO3AIEHTPOBUI CTHCK, IIUPUHA TTPOPI3Y,
BiJIHOILICHHS IIUPUHU MEPETOPOAKH J0 MUPHUHH MPOPi3y TOIIO), TaK 1 3a BCiMa IHIIUMU (TIepeBipKa
Ha HeCydy 3/aTHICTh Ha MO3AIEHTPOBUI CTUCK, IIMPHHA NPOPI3y TOMIO). 3a pe3yiabTaTaMu
OLIIHIOBaHHS B pOOOTI OMMCAHO MOXKJIMBICTh BHUKOPHCTAHHS PETPOCIEKTUBHOIO aHali3y IpH
Bi3yaJIbHOMY OIiOBaHHI CEHCMOCTIMKOCTI KaM'STHUX OY/IiBelb.

[IpoBenena B poOOTi cuctemarusaiisi OyIiBEIbHUX HOPM Ja€ MOXJIMBICTH: MO-TIEpIIE,
MIPOCTEKUTH TEHJACHII] PO3BUTKY HOPMAaTHBHHUX JOKYMEHTIB; IMO-IpYre, BUSBUTH €JIEMEHTH, SKi
SIBHO HE MalOTh JOCTaTHBOI'O PiBHS CEMCMOCTIHKOCTI; MO-TPETE, BUOKPEMHUTH MEPEiK MUTaHb, HAa
K1 CJI1/1 3BEPHYTH MEPIIOYEPTOBY yBary Iij 4yac cepTudikarii.

Takum yuHOM, piK OYIIBHUITBA, MOPIBHSIHO 3 HOPMATUBHUMHU JOKYMEHTAMH, IO iU Ha
MOMEHT OyJIIBHUIITBA, Ja€ MOXJIUBICTH 3pOOUTH BHUCHOBOK MPO CTYMiHb BUXIJIHHUX MEPEAYMOB 1
pillieHb, 3akiaajeHux y npoekti. [IpakTuunuii iHTEepec 1iei Tabuui noysirae B TOMy, 1o Ipu 360pi
iHpopMallli B paMKax MpOIeCy OI[IHIOBAaHHS, BUXOJASYM 3 JAaTu OyIIBHMUIITBA OyiBII, MOXHA
3pOOUTH BUCHOBOK IIPO T€, SIKUM ITYHKTaM YMHHHUX HOPMAaTHBHMX JIOKYMEHTIB 00'€KT MOTEHIIITHO
HE BITOBIJIAE.

KurouoBi cioBa: celicMOCTiliKicTh, CHCT€Ma OIIHIOBAHHS, PETPOCHEKTHBHUN aHai3,
HOpMaTuBHa 0as3a.
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Modern construction and architecture, 2024, no. 10, page 37-44



BUILDING STRUCTURES

UDC 69.04 DOI: 10.31650/2786-6696-2024-10-45-53

ANALYSIS OF FOREIGN EXPERIENCE IN RESEARCH CASES OF PROGRESSIVE
COLLAPSE OF BUILDINGS AND STRUCTURES

'Fesun LK., postgraduate student,

fesuni99@gmail.com, ORCID: 0000-0002-6678-9900
Vabishchevich M.O., Doctor of Technical Sciences, Professor,
vabix@ukr.net, ORCID: 0000-0002-0755-5186

Lukashevych D.Y., postgraduate student,
lukashevych_dy-2023@knuba.edu.ua, ORCID: 0009-0001-3555-2353
Kyiv National University of Civil Engineering and Architecture

31 Povitryany Sil Ave., Kyiv, 03037, Ukraine

Abstract. One of the leading areas of the engineering scientific community is the research of
the performance of structures and systems in general during unlikely (extreme) events, in particular,
the progressive collapse of buildings and structures. A large number of cases of collapse of
buildings and structures of various purposes and levels of responsibility are known, and researchers
in the field of progressive collapse are interested only in cases of the highest level of responsibility
because the social, political, and economic impact of the loss of such buildings and structures is
the most significant.

The purpose of this paper is to comprehensively analyze the phenomenon of the progressive
collapse of buildings and structures based on the experience of significant foreign cases. The analysis
includes the causes of progressive collapse initiation, the degree of disproportionality of progressive
collapse, types of progressive collapse, and design features of progressive collapse cases.

The study uses an approach that not only includes the results of the analysis of direct cases of
progressive collapse, but also provides statistical characteristics depending on the cause of
initiation, type of collapse, and geometric location of the initial damage. Particular attention is paid
to the compliance of the accepted methods for modeling progressive collapse with real cases of
progressive collapse.

The study results showed that the existing estimates of progressive collapse cases take into
account the so-called degree of disproportionality of the collapse. This is because it is only possible
to guarantee resistance to progressive collapse if the collapse is only disproportionate. The fact that
the initial failure of one or more columns occurred in about half of the progressive collapse cases
indicates that modeling progressive collapse due to sudden column removal is rational.

Further research can focus on finding real collapse scenarios, in particular, the choice of a
column that is suddenly removed from the scheme, studying the correctness of load redistribution
when a column is suddenly removed, and studying the resistance to progressive collapse of
buildings with structural schemes made of wood or precast concrete.

Keywords: progressive collapse, degree of disproportionality, destruction, column removal,
modeling, design features, stability.

Introduction. Social and political challenges, increasing the safety and comfort of people's
lives, the introduction of economic technologies, and the modern technological development of
computing are the key factors that lead a wide range of scientists and engineers to investigate
hitherto unknown phenomena and processes. In structural engineering, one such process is the study
of the operation of structures and systems in general during unlikely (extreme) events. Such events
cause the destruction of individual small but important structures, which can subsequently spread to
the entire system or a significant part of it. This phenomenon is known as the progressive collapse
of buildings and structures.

In general, a large number of cases of collapse of buildings and structures of various purposes
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and levels of responsibility have been recorded in world history. Researchers in the field of
progressive collapse are directly interested in cases of only the highest level of responsibility
because the social, political, and economic impact of the loss of such buildings and structures is
the most significant. As of the middle of the third decade of the 21st century, more than 40
thoroughly investigated cases of progressive collapse of buildings and structures of the highest level
of responsibility have been recorded. These are mainly multi-family housing, business centers,
educational institutions, governments, etc.

Analysis of Recent Research and Publications. The first case of progressive collapse, which
marked the beginning of the study of this phenomenon, occurred in 1968 in London, Great Britain.
A 22-story precast concrete residential building called the Ronan Point partially collapsed after
3 months of operation, Fig. 1. A gas explosion on the 18th floor caused the destruction of
the factory-made load-bearing wall panel, which in turn caused the progressive collapse of an entire
corner of the building due to the impact load from the floors above [4, 5]. This tragedy led to
changes, first of all, in the regulatory frameworks of the United Kingdom - the first
recommendations for ensuring stability in case of progressive collapse (for large-panel buildings)
were introduced, and later in the United States, Canada, and Europe. These changes were more
focused on preventive measures to prevent the occurrence of progressive collapse.

Despite the impulsive start of scientific research in the 1970s after the Ronan Point
progressive collapse case, and the emergence of several other global cases, the number of studies
gradually decreased until the mid-1990s, when new significant cases of this phenomenon occurred
and interest in the topic was renewed [9].

About a third of the Alfred P. Murrah Federal Building in Oklahoma City was destroyed in 1995
as a result of a terrorist attack, Fig. 2. The peculiarity of this case is that the explosion of a truck filled
with explosives caused the destruction of at least three columns at once, and the loss of these columns
led to the destruction of the key beam on which all the above structures were transferred.
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Fig. 1. The collapse of the Ronan Point Fig. 2. Collapse of the Alfred P. Murrah Federal
residential building Building in Oklahoma City, USA, 1995
in London, Great Britain, 1968

The collapse of the Sampoong shopping center in Seoul, South Korea, in 1995 was caused by
gross errors in design decisions, lack of appropriate control during design and construction, and
violations during construction and operation, Fig. 3. The condition of the building before
the collapse was accompanied by constantly increasing excessive deflections in the roof and
cracking in the columns, a situation that was aggravated by the dynamic impact of air conditioners
located on the roof. The process of building collapse was initiated by the destruction of a column on
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the 5th floor, which caused the collapse of the roof structures to the lower floor, the load was not
withstood by the supporting columns of the lower floors, and the building collapsed completely [6].
Before the September 11, 2001, terrorist attacks, this was the largest building collapse in modern
world history in terms of the number of victims.

The collapse of the World Trade Center towers occurred on September 11, 2001,
in New York, USA, during the largest terrorist attack in world history, codenamed "911", Fig. 4.
An airliner crashed into each of the twin towers at high speed, and the collisions caused serious
damage to the towers' structures and fires inside. The destruction of both the south and north towers
did not occur instantly, but 56 and 102 minutes after the impacts, respectively. Directly in
the impact zones, some of the structures were destroyed immediately, while the remaining
structures gradually began to lose their bearing capacity and stability over time due to the combined
effects of the fire and additional loads resulting from the redistribution of the load from
the destroyed structures. Over time, this course of events resulted in the inability of the load-bearing
structures in the collision zone to transfer loads from the floors above. As a result, the upper part of
the tower collapsed on the lower floors, which led to the collapse of the lower floors, which spread
to the ground [5].

Fig. 3. Collapse of the Sampoong shopping center Fig. 4. Collapse of fhe‘WTC towers in
in Seoul, South Korea, 1995 New York, USA, 2001

In general, the last cited case of progressive collapse was the starting point for intensifying
research into this phenomenon. The twin towers were designed to withstand both airplane impact
and fire, but they were not designed for the combined impact that caused the towers to collapse.
First of all, in the United States, which is a leader in this field, several scientific studies have been
performed and broad recommendations have been issued to ensure resistance to progressive
collapse, including options for modeling progressive collapse using numerical methods during
design work [9, 12].

A comparative review of the main world cases of progressive collapse (13-14 cases) was
made in [3, 7, 9]. Paper [12] defines the state of research on the progressive collapse of building
structures in the 21st century.

The purpose of this paper is to comprehensively analyze the phenomenon of progressive
collapse of buildings and structures based on the experience of foreign significant cases. The main
objectives of this study are as follows:

— searching for the causes of progressive collapse initiation;

— determination the classification of collapse by the amount of initial damage;

— determination the classification by the type of collapse development;

— determination of the design features of progressive collapse cases;

— determination of compliance of existing modeling methods with real cases of progressive
collapse.
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Materials and Methods. This paper uses various methods to analyze the foreign experience
of researching cases of progressive collapse of buildings and structures. First of all, these are
the methods of literature review and comparative analysis.

The following materials were used for this work: scholarly articles, conference proceedings,
documents of government organizations, etc.

Research results. Causes of progressive collapse initiation. In a general sense, the phenomenon
of progressive collapse of buildings and structures is possible due to the occurrence of certain special
influences (causes of initiation) that cause the destruction of individual elements of buildings and
structures. The following ways of occurrence of this phenomenon are distinguished [3]:

— due to off-design (abnormal) impact on structures;

— due to the effects of structural deficiencies;

— the combined effect of the previous points.

Off-design (abnormal) impacts are the consequences of actions such as fires, terrorist attacks,
hostilities, natural disasters, errors during construction, operation, etc. These impacts are unlikely,
but they create unforeseen dynamic loads that are often not taken into account in established design
practices.

The impact of structural deficiencies includes defects in materials, geometric parameters of
structures, and characteristics of the operating conditions of the structure. For example, corrosion of
reinforcement in reinforced concrete structures can reduce the bearing capacity, which in turn can lead
to the destruction of individual elements even at design loads. Also, errors in the design of structures
can lead to an incorrect assessment of the bearing capacity of an element, causing an accident under
the design loads.

The study [7] on statistical processing of global cases of progressive collapse found that,
asarule, there were several causes of initiation at the same time, i.e., the so-called combined
combination of causes. Among the 41 analyzed cases, the following causes were identified, which
acted as a separate cause (mainly explosive and impact), and as part of a combination:

— errors during design — 15/41,

— errors during construction — 12/41;

— terrorist acts — 6/41;

— fires — 3/41;

— degradation of materials — 2/41;

— change of use of the facility — 2/41;

— accidental explosion — 1/41.

Thus, the prevention of progressive collapse is to some extent characterized by the strength of
individual structural elements of buildings and structures. However, the vast majority of structural
schemes are inseparable schemes that take into account the overall interaction of structural elements,
ensuring the joint operation of the entire system [3].

The degree of disproportionality of the progressive collapse. The interpretation of
the phenomenon of progressive collapse is covered in different ways in foreign scientific literature
and foreign regulatory documents. For example, the American guidelines [1] state the following:
“progressive collapse is defined as an extent of damage or collapse that is disproportionate to
the magnitude of the initiating event. Since this definition focuses on the relative consequence or
magnitude of the collapse rather than the manner in which it occurs, it is often referred to in
the industry as "disproportionate™ rather than "progressive" collapse”. At the same time, some
studies indicate the correctness of using the term "progressive collapse™ instead of "disproportionate
collapse™ [5].

Comparing the cases of the Ronan Point and the Alfred P. Murrah Federal Building, it can be
established that they both meet the term progressive collapse defined above, but if we consider them
in terms of disproportionality, differences arise [5]. The magnitude of the collapse of the federal
building was significant, but the cause of the collapse — a truck bomb — was also significant, and
the number of structures destroyed by the explosion (not by subsequent collapse) was not single,
unlike the collapse of the residential building.
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Similarly, the case of the World Trade Center towers can be cited, where these cases are also
classified as progressive collapse, but they should not be defined as disproportionate, since
the magnitude of the initiating impact — the collision of an airliner — was significant. Although
the initial recommendations for ensuring resistance to progressive collapse were implemented,
namely, the redundancy of the bearing capacity of the frame columns was ensured (according to
the conclusions of some researchers, the redundancy was so great, in particular, of the extreme
frame structures), but the combined impact of the impact and fire was so large that the redundancy
did not change the result in general [5]. However, it must be admitted that this allowed precious
time to evacuate people below the collision zone before the final collapse of the towers.
The conclusion that none of the measures adopted to prevent disproportionate progressive collapse
would have been useful for the World Trade Center towers supports the idea that the collapse of
these buildings was not disproportionate to begin with [5].

In view of the above, the scientific community is divided on the definition of
disproportionality:

1) determination in terms of the ratio of the cause of the collapse initiation to the amount of
final damage [1];

2) determination in terms of the ratio of the initial damage to the final damage [3].

However, the question arises as to the appropriateness of using the word "progressive", since
any destruction/collapse is a process that occurs (is observed) in time, i.e. all possible destructions
can be considered progressive. Therefore, it can be assumed that a non-progressive collapse cannot
exist [8].

Thus, existing assessments of progressive collapse cases take into account the so-called
degree of disproportionality of collapse (separation of the characteristics of the cause of initiation,
the magnitude of the initial damage, and the magnitude of the final damage) [3]. This is because it is
only possible to guarantee resistance to progressive collapse if the collapse is disproportionate.

One of the tasks in terms of ensuring the reliability of construction facilities should not be to
prevent progressive collapse in general, but to prevent disproportionate progressive collapse.
In the event of failure to prevent progressive collapse, the priority is to ensure that the collapse of
the building is delayed.

Types of progressive collapse. After the noted cases of progressive collapse, U. Starosek
proposed a classification of types of progressive collapse [10, 11]. Each type of progressive collapse
characterizes the mechanics of collapse development in structures. The main types are as follows:

— pancake type;

— domino type;

— zipper type;

— section type;

— instability type;

— mixed type.

The pancake and domino types can be grouped into a separate super category of impact
collapses, since they are caused by the sudden dissipation of the potential energy of the collapsed
elements into kinetic energy. The zipper type and the sectional type can be classified as a separate
super category of redistributive collapse since they occur as a result of the redistribution of forces
from the destroyed structures to other structures [9, 12].

The pancake type of collapse is characterized, first of all, by the initial destruction of the load-
bearing structure responsible for the transmission of the vertical load. Further collapse occurs due to
the simultaneous destruction of other vertical load-bearing elements that are unable to withstand
the increased redistributed load and the impact of higher structures on lower structures. Progressive
collapse develops in the vertical direction [3]. An example of such a collapse is the WTC towers.

The domino type of collapse is characterized by the initial overturning of one of the load-
bearing elements, which leads to a lateral impact of the overturned element on the side surface of
the next element. Thus, horizontal loading through a chain reaction causes a progressive collapse in
the direction of overturning. An example of such a collapse is the cascading destruction of power
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line towers [13]. The influence of the collapsing element can be indirect, the pushing force can be
replaced by a pulling force through the connecting elements [7].

The zipper type of collapse is characterized by the initial destruction of one or more structural
elements, which leads to dynamic impulse overloading of other structures due to the redistribution
of forces. The development of this type of progressive collapse occurs in the horizontal direction.
An example of such a collapse is a sudden break of bridge cables or retaining wall anchors [13].
The section type of collapse is similar to the zipper type. The main difference is replacing the terms
cross-section and part of the cross-section with a structural element. It is assumed that the cross-
section is amorphous and homogeneous, while other structures may consist of separate elements,
each with different characteristics [14].

The type of collapse instability is characterized by the initial destruction of an element that
ensures the stability and spatial rigidity of the system as a whole. An example of such a collapse is
the destruction of the ligament elements of steel spatial frames, which prevents the frame from
being resistant to lateral loads, such as wind.

A mixed type of progressive collapse is a combination of these simple types. The analyzed
world cases of progressive collapse show that in real conditions, collapse rarely occurs within one
type. As a rule, mixed types prevail. Among the 31 cases analyzed, the pancake type of collapse
was recorded in 87% of cases, "lightning" in 45%, and "domino™ in 10% [7].

Design features of progressive collapse events. The analyzed world cases of progressive
collapse are characterized by the presence of initial failure of one or more structural elements,
the failure of which extends to the destruction of the system as a whole or a significant part of it.
The localization of the initial failure is reduced to the horizontal and vertical positions. In work [7]
on the statistical processing of cases of progressive collapse, it was found that in the plane of
the horizontal position, out of 31 analyzed cases, initial failure occurred:

— in the regional zones 6/31 — 19%;

—in the inner zones 14/31 — 45%;

— combined in the regional and inland zones 3/31 — 10%;

—not established 8/31 — 10%.

Already in the plane of the vertical position, out of 31 cases analyzed, the initial destruction
occurred [7]:

—roof 8/31 — 26%;

— upper part of the building 8/31 — 26%;

— lower part of the building 4/31 —13%;

— ground floor 6/31 — 19%;

— basement 1/31 — 3%j;

—not installed 4/31 — 13%.

Equally important is the analysis of the structures that led to the progressive collapse. Initial
failure occurred in columns, beams, slabs, walls, etc. Among all the cases analyzed, in 45% of
the cases, the initial failure of one or more columns led to progressive collapse. In 64% of them,
the initial failure occurred simultaneously in two or more columns [7]. Such a distribution confirms
the rationality of modeling progressive collapse due to the removal of sudden columns, as
recommended by various regulatory documents.

According to research [3], the location of the initial failure significantly affects the behavior
of the system during progressive collapse. As a rule, engineers model the removal of columns on
the lower floors, because, firstly, the probability of anomalous impact is much higher, and secondly,
these columns are in the zone of the greatest load. Also, modeling the removal of a corner column
has worse consequences on a local scale compared to another location, and on a global scale,
the failure of an internal column can have more significant consequences.

The current stage of the progressive collapse modeling is focused on modeling the removal of
a single column, as this is in line with accepted guidelines. However, given the statistical data, such
simulations do not reflect real-world collapse scenarios where multiple columns may collapse at
once, and more structures may be damaged.
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In a general sense, the analysis of progressive collapse raises the issue of studying
the correctness of load redistribution in case of failure of different structural elements and different
numbers of failures of structural elements. Such redistribution can be influenced by:

— structural scheme;

— planned placement of structures, regularity of the grid, span sizes;

— ensuring spatial rigidity;

— number of stories;

— material of structural elements.

For example, according to recommendations [1], structures with more floors have a better
load redistribution effect. The presence of more elements above the removed structure contributes
to better redistribution [3].

An analysis of significant cases of progressive collapse of buildings and structures has shown
that the load-bearing structures were mainly made of monolithic reinforced concrete or rolled steel.
Structural schemes made of prefabricated elements, including precast concrete and wood,
have not been studied much in the field of resistance to progressive collapse. The main problem of
ensuring the resistance to progressive collapse of structural schemes made of precast concrete
elements is a rather low value of the connection between the elements (welding of embedded parts),
compared to other schemes, in particular monolithic ones. This is a direct violation of one of
the key recommendations for ensuring resistance to progressive collapse, namely the installation of
indistinguishability.

Conclusions:

1. Researchers in the field of progressive collapse are directly interested in cases of only
the highest level of responsibility because the social, political, and economic impact of the loss of
such buildings and structures is the most significant. As of the middle of the third decade of
the 21st century, more than 40 thoroughly investigated cases of progressive collapse of buildings
and structures of the highest level of responsibility have been recorded.

2. The collapse of the WTC towers became the starting point for intensifying the study of
the progressive collapse phenomenon. After the event, a few scientific studies were performed and
broad recommendations were issued to ensure resistance to progressive collapse, including options
for modeling progressive collapse using numerical methods during design work.

3. The phenomenon of progressive collapse of buildings and structures is possible due to
the occurrence of certain special impacts (causes of initiation) that cause the destruction of
individual elements of buildings and structures. There is a distinction between the occurrence of this
phenomenon due to off-design (abnormal) impact on structures, due to the effects of structural
defects and the combined effect of the previous points.

4. Existing assessments of progressive collapse cases take into account the so-called degree
of disproportionality of collapse (separation of the characterization of the cause of initiation,
the magnitude of the initial damage, and the magnitude of the final damage). This is because it is
only possible to guarantee resistance to progressive collapse if the collapse is only disproportionate.

5. One of the tasks from the point of view of ensuring the reliability of construction objects
should not be the prevention of progressive collapse in general, but the prevention of
disproportionate progressive collapse. In the case of failure to prevent progressive collapse,
the priority is to ensure the delay in time of collapse of building objects.

6. Each type of progressive collapse characterizes the mechanics of collapse development in
structures. The mixed type of progressive collapse is a certain combination of simple types.
The analyzed world cases of progressive collapse show that in real conditions the collapse is
extremely rare within one type. Mixed types prevail, where the pancake type of collapse is the most
common (recorded in 87% of cases). This means that the initial collapse of, for example, one
column leads to some localized collapse on a larger scale. Structures above the removed column,
due to the lack of supporting vertical structures and the inability to withstand emergency loads, hit
the structures below.
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7. Initial collapse of one or more columns occurred in 45% of cases of progressive collapse
(64% of which occurred simultaneously in two or more columns), indicating that modeling of
progressive collapse due to sudden removal of columns is rational.

8. The search for realistic collapse scenarios, in particular the selection of a column that is
suddenly removed from the scheme, should be based on a comparison of the probabilistic analysis
of the occurrence of such a scenario.

9. In a general sense, the analysis of progressive collapse raises the issue of studying
the correctness of load redistribution in case of failure of different structural elements and different
numbers of failures of structural elements.

10. The analysis of significant cases of progressive collapse of buildings and structures
showed that the load-bearing structures were mainly made of monolithic reinforced concrete or
rolled steel. Structural schemes made of prefabricated elements, including precast concrete and
wood, have not been studied much in the area of resistance to progressive collapse.
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AHoTanisg. OqHUM 13 TIepeIoBUX HANPSAMKIB 1HXEHEPHOI HAYKOBOI CIIITBHOTH € JJOCIIKSHHS
poOOTH KOHCTPYKIIIM Ta CHCTEM 3arajoM IIiJi 4ac MaJIOWMOBIpHUX (€KCTpEeMaJbHUX) TMOIH,
30KpeMa MPOTPecyrouoro 0OBaICHHS Oy/IiBelb 1 criopy/. BigoMo npo YHCIIeHHY KiITbKICTh BUTIA/IKIB
oOBaJieHHsI OymiBedIb 1 CHOpPYA PI3HOTO POAYy NMPU3HAYCHHS Ta PIBHS BiANOBITAIBHOCTI, a BXKE
JTOCTITHAKAM y cdepi MPOrpecyrdoro OOBAJICHHS IIKABJIATh BHIIAJKU JIUIIC HAWBHUIIOTO PIBHS
BIZITOBIZAIBHOCTI, 1I€ MOSICHIOETHCSA THM, IO COLUAJBbHUM, MOJITHYHHM Ta €KOHOMIYHHMI BIUIMB
BTPATH TaKUX OyIiBENb Ta CIIOPY.l HAMCYTTEBIIIHNA.

MeToro po6oTH € BcebiuHU aHami3 SBUIA IPOrPECy0Uoro oOBageHHs OyIiBenb 1 copy/ Ha
OCHOBI JIOCBIJIy 3aKOPJOHHMX BHU3HAYHUX BHITAJKiB. [0 aHami3y BHHECEHO: NMPUYUHU IHIIIAI]
MPOrPECyIUOro OOBaJICHHS, CTYMIHb HEMPOMOPIIHHOCTI MPOTrPECyouoro oOBalieHHS, BUIU
MIPOrPECyY0ro 00BaJICHHS, KOHCTPYKTHBHI OCOOIMBOCTI BUIAJIKIB IIPOTPECYIOYOro 00BaICHHS.

Y  nmocnmipkeHHI BHKOPUCTAHO MiAXiJ, IO BKIIOYAE HE JIMIIE pe3yJbTaTH aHaji3zy
0e3rmocepeIHIX BHUITAJIKIB POTPECYIOUOr0 OOBAJICHHS, a 1 HABEIEHO CTATUCTHYHY XapaKTEPUCTUKY
3aleXHO BiJl NPUYMHU iHINiamii, BUAY OOBAJICHHS, T€OMETPUYHOIO PO3MIIICHHS IOYaTKOBOTO
nomkopkeHHs. OCcoONIMBY yBary MPHUIUICHO BIAMOBITHOCTI NMPUUHSATHX METOIUK MOJICITIOBAHHS
MIPOrPeCyrvoro oOBaIeHHS 10 pealbHUX BUMAAKIB IPOrPECyr0UOro oOBaIeHHs.

Pesynbrati JOCHIJDKEHHS TMOKa3allk, IO ICHYIOYl OIlHKM BHUIAJAKIB IMPOTPECYIOUOTO
oOBaJIeHHsS BPaxOBYIOTh TaK 3BaHHI CTYIiHb HEMPOMOPLIHHOCTI 0OBaneHHs. Lle mosicHIOeThCS TUM,
10 rapaHTyBaHHsS 3a0€3MEYEeHHsI CTIMKOCTI 10 MPOTPEecyrouoro OOBaJeHHS MOKJIMBE JIMILIE 3a
YMOBH, SIKIIIO OOBaJICHHS NuIle € HenmponopiliiiauM. [louaTkoBe pyiiHyBaHHS O/iHi€T a00 AEKITBKOX
KOJOH B10YyJ0Ch y OJM3bKO TOJOBUHU BHIIQJKIB MPOTPECYIOUOro OOBAJEHHS CBIAYUTH IPO
paIlioOHaTBHICTh MOJICIIIOBAHHS POTPECYIOYOT0 OOBAIICHHS Yepe3 panToBe BUJAICHHS KOJIOH.

[lomanpmn JOCHIKEHHST MOXYTh OYyTH 30Cepe/KeHI Ha TMOUIYKYy peajJbHUX CIIEHapiiB
oOBaJieHHsI, 30KpemMa BUOIp KOJIOHH, 110 PANTOBO BUIAISETHCS 13 CXEMH, JOCIHIKEHHI KOPEKTHOCTI
MEePEPO3MNOJIUTY HABAHTAXKEHb IPU PANTOBOMY BHJIAJEHHI KOJIOHH, IOCIHIKEHHI 3a0e3MeueHHs
CTIMKOCTI 1O MPOrpecyrouoro oOBajieHHs Oy/iBeNlb 3 KOHCTPYKTUBHUMHU CX€MaMHU, 110 BUKOHAHI 13
JepeBUHU a00 301pHOTO 3a11300€TOHY.

KurouoBi cioBa: mnporpecyroue o0OBajJ€HHs, CTYIiHb HENPONMOPLUIHHOCTI, pyHHYBaHHS,
BUJIQJICHHS KOJIOHHU, MOJICJIIOBaHHS, KOHCTPYKTHUBHI OCOOIMBOCTI, CTIMKICTb.
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Abstract. In the practice of production of building solutions, cements with the use of mineral
additives and, in particular, ground limestone are widely used. Technologically, such mixed
cements can be obtained both by compatible grinding of Portland cement clinker, dihydrate gypsum
and limestone additive, and by thorough mixing of Portland cement with ground limestone. A
promising method for improving the mechanical characteristics of building solutions is intensive
mechanic-chemical activation of mixed cements in high-speed turbulent mixers. The issues
considered in the article related to determining the influence of recipe and technological factors on
the strength of building mortar at the age of 3, 7 and 28 days were investigated. The compressive
strength of samples made from a mixture solution on both a mechanically activated binder and a
binder of similar composition, but which was not subject to mechanical activation, was studied. The
experimental studies were carried out using the D-optimal mathematical plan with variation of the
following factors: X; — the ratio of the mass of the mixed binder to the mass of unground quartz
sand in the construction mortar (from 1:3 to 1:1); X, — ground limestone content in the mixed binder
(20 £ 20 %); X3 — consumption of the superplasticizing additive Relaxol-Super PC (0.5 = 0.5 % of
the binder weight). The obtained mathematical models indicate that the maximum effect (of the
listed factors) on the strength of the mortar is exerted by the content of the mechanically activated
binder in it. An increase in its consumption in the composition of the mortar mix causes an increase
in the strength of the mortar at the age of 3 days from 24 to 40.5 MPa, i.e. by almost 70 %. At the
age of 28 days, the effect of the consumption of the activated mixed binder on the strength of the
mortar is somewhat reduced and does not exceed 60 %. The next factors influencing the strength of
the mortar are the consumption of superplasticizer and the percentage of ground limestone. The
combined effect of mechanochemical activation in the presence of 1 % Relaxol-Super PC allows
the introduction of up to 40 % ground limestone into Portland cement, while providing the same
compressive strength of the mortar as when using non-mechanically activated Portland cement, but
without the addition of ground limestone.

Keywords: mortar, mechanochemical activation, lime mixture, binder, portland cement,
ground limestone.

Introduction. In the practice of manufacturing concrete and reinforced concrete products,
cements using ground limestone are widely used. Such cements are obtained both by joint grinding
of Portland cement clinker, gypsum dihydrate and limestone mineral additive, and by thorough
mixing of Portland cement with ground limestone. A promising method for improving the
mechanical characteristics of a building solution is the mechanochemical activation of Portland
cement in combination with the use of superplasticizing additives and mineral fillers. Ensuring a
high degree of cement activation is achieved through the use of high-speed forced-action activators
that provide the binder with additional chemical activity, thereby increasing the quality indicators of
the final product. Mechanochemical methods of activating Portland cement fit quite easily into
existing technological schemes for obtaining mortar mixtures, which allows, in our opinion, to more
fully reveal the potential of both the binder and the building solutions based on it.
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Analysis of the latest research and publications. Considering the realities of the production
of Portland cements with mineral additives in Europe, as well as Ukraine’s desire to take its place in
the European cement market, issues related to the study of their influence, and in particular,
limestone, on the properties of mortars and concretes are becoming very important [1-5]. The use of
mineral additives in the technology of Portland cement production makes it possible to save both
fuel energy and electrical energy [6]. In addition, the introduction of a finely dispersed carbonate
additive (S>650 m?/kg) into the composition of Portland cement leads to an increase in the specific
surface area of the binder, which contributes to the compaction of hardened cement stone [7]. It is
known [8] that as a result of the chemical interaction between ground limestone and aluminate
phases of Portland cement clinker, calcium hydrocarboaluminates 3CaO-Al,O3-CaCO3-12H,0 are
formed, which contribute to increasing the strength of cement stone [9]. Thus, it can be stated that
CaCOg has a positive effect on both the structure of cement stone and the mechanical characteristics
of mortars and concretes.

The issues considered in the article are related to determining the influence of ground
limestone on the strength of the mortar. In this regard, the need to create optimal combinations of
Portland cement with this finely dispersed mineral additive (mixed binder) becomes obvious. The
presence of ground limestone helps to increase the potential of the mixed binder both from an
economic point of view and from an environmental point of view [10-12]. The fact of increasing the
efficiency of introducing finely ground mineral additives into cement during its mechanical
activation using high-speed activators is undeniable [13, 14]. The use of high-speed activators helps
to solve a set of issues related to both improving the homogeneity of the freshly prepared mortar
mixture and increasing the mechanical characteristics of the hardened composite[15].

Purpose of the research. The aim of this work is to experimentally confirm the production of
a building mortar with improved mechanical characteristics through the use of mechanical
activation of Portland cement in the presence of ground limestone (mixed binder) and a
superplasticizing additive (SP).

Research methods. Mechanochemical activation of the aqueous composition of Portland
cement, as well as a mixture of binder with ground limestone and superplasticizer, was carried out in a
high-speed mill (n = 1800 rpm) for 180 sec. A mixture of similar composition was used for control, but
it was not subject to mechanochemical activation. For the joint determination of the influence of the
studied factors on the compressive strength of the mortar, a three-factor experiment was carried out,
where the following independent factors were taken: consumption of mixed binder in the mortar,
consumption of ground limestone in the mixed binder and consumption of SP Super PK).

Research results. Portland cement PC 11/A-SH-500, which meets the requirements of DSTU B
V.2.7-46:2010 "General-purpose cements. Specifications”, was used as a binder in the experimental
studies. The mineralogical composition of Portland cement clinker includes, "mass %": C3S — 7.5 ...
7.7, C,S—13..15,CsA-75 ... 7.7, C4AF — 10.6 ... 11.6. The content of alkali oxides (in terms of
Na,0) is 0.18 ... 0.24 %. Limestone from the Odessa quarry "Yuzhny" was used as a carbonate
additive. Before use, the limestone was ground to a specific surface of 625 m?kg. Along with
Portland cement, a homogeneous mixture of Portland cement with the addition of ground limestone
in the amount of 20 and 40 % was used in the studies.

To determine the effect of mechanical activation of the cement-water composition with the
addition of ground limestone on the change in the water-solid ratio, the compositions of the mixed
binder given in Table 1 were used.

The experimental data given in Table 1 indicate that the mechanochemical activation of the
cement-water composition has a positive effect on the decrease in the water-solid ratio of
equiviscous compositions from 0.42 (no activation) to 0.38 (activation period of 180 sec). A similar
effect of mechanical activation on the change in the water-solid ratio is also observed for cement-
water compositions with the addition of ground limestone in the amount of 20 and 40 %. A special
feature of the effect of adding ground limestone is that increasing its content in the binder to 40 %
causes an increase in the W/S ratio for both mechanically activated and non-mechanically activated
binders by an average of 7...10 %.
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Table 1 — Mixed binder compositions

Composition Ground Activation of | Spread of the
P Portland cement, % | limestone, | mixed binder, | mixture cone, W/S
number Y
0 S mm
1 100 0 0 120 0.42
2 100 0 180 120 0.38
3 80 20 0 121 0.44
4 80 20 180 120 0.41
> 60 40 0 11 0.45
6 60 40 180 120 0.42

As for the kinetics of the change in the spread diameter of aqueous cement-containing
compositions depending on the duration of mechanical activation and the content of ground
limestone, it should be noted that mechanical activation causes a more intense thickening of the
mixture, which is manifested in a sharp decrease in the spread diameter over time, Table 2.

Table 2 — Kinetics of reduction of the diameter of the mixture cone spread depending on the
activation period and the limestone content in the binder

Curing Ne composition
period, h 1 2 3 4 5 6

0 120 120 120 120 120 120

0.5 109 95 112 104 115 111
1 104 76 105 93 109 105

15 95 63 95 71 98 96
2 83 81 63 87 80

2.5 70 75 83 66
3 61 69 77 64

35 62 70
4 65

4.5 61

The compressive strength of 4x4x16 cm beam samples made of mortar mix both on
mechanically activated binder and on binder of similar composition, but which was not subject to
mechanochemical activation, was investigated.

Experimental studies were conducted using the D-optimal plan. The following factors were
varied in the experiment:

X1 — ratio of the mass of mixed binder to the mass of unground quartz sand in the mortar
composition — (1:3; 1:2; 1:1);

X3 — consumption of ground limestone in mixed binder — (20£20 %);

X3 — consumption of Relaxol-Super PC — (0.5+0.5 %).

The consumption of mixing water for each line of the mathematical plan was taken based on
obtaining the spread diameter on the shaking table in the range of 1404+5 mm. The specified spread
diameter of the mixture was taken to be the same for the two comparative technologies. The
experimental plan and compositions of the studied building solutions are presented in Table 3.
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Table 3 — Experimental plan and compositions of building solutions

Content of dry components of the mortar
Levels of independent factors — mi>§ture per batch
No C'S Composn_lon of mixed _
binder Quartz  Superplastic
X1 X2 X3 cPe(r)r:teIgEdg Iirﬁggtuonn(? g sand. g o
1 - - - 1:3 500 - 1500 0.0
2 - + - 1:3 300 200 1500 0.0
3 0 - 1:2 534 133 1333 0.0
4 + - - 1:1 1000 - 1000 0.0
5 + + - 1:1 600 400 1000 0.0
6 - 0 1:3 400 100 1500 2.5
7 0 - 0 1:2 667 - 1333 3.4
8 0 0 0 1:2 534 133 1333 3.4
9 0 + 0 1:2 400 267 1333 3,4
10 + 0 0 1:1 800 200 1000 5.0
11 - - + 1:3 500 - 1500 5.0
12 - + + 1:3 300 200 1500 5.0
13 0 + 1:2 534 133 1333 6.7
14 + - + 1:1 1000 - 1000 10.0
15 + + + 1:1 600 400 1000 10.0

As a result of statistical processing of experimental data, polynomial models (1-4) were
obtained for the dependence of the compressive strength of mortar at 3 and 28 days of age on the

studied factors:

R:’;ﬁl frd 23_.'5 + 6-'6}{1 + EJSXE_ - D_.QXin + DJ?Xj_XE
—-3,0X, — 0,9%3 + 0,6X,X;5
+3,6X3 — 0,2%3

R™Z8 =390+ 107X, + 44X — 1,3X,X, + 0,8X, X,

- 419X2 - 1!7X§ _DJ?XEXE
+5,7X3

REZ, = 13,3+ 3,6%, + 1,3X — 05X, X, + 02X X,
~1,7X, — 0,4%3
+1,8X3

REZ8 = 298+ 82X, + 3,312 — 0,9%, X, + 0,6X,X,
~3,9X; —1,2%3 — 0,5%,X,
+ 4,5X3

1)

)

(3)

(4)
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where: g™3 728 _ strength of mortar on mechanically activated mixed Portland cement at
3 and 28 days of age, MPa;

red , RESE _ strength of mortar on mixed Portland cement, which was not subject to
mechanical activation (control) at 3 and 28 days of age, MPa.

The consideration of the coefficients for independent factors in mathematical models (1-4)
shows that for a building mortar both on a mechanically activated binder and on a binder that has
not been subjected to mechanical activation, the maximum effect on the strength of the composite is
exerted by both the content of the mixed in (X;) in it and the consumption of SP. This is confirmed
by the single-factor graphical dependencies shown in Fig. 1.
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Fig. 1. The influence of formulation factors on the strength of the mortar under compression in the
maximum (—) and minimum (—) zones:
a — strength of mortar at 3 days of age; b — strength of mortar at 28 days of age; K — control
(strength of samples on binder that was not subject to mechanical activation); A — strength of
samples on mechanically activated binder

—

Analyzing the experimental data, it should be noted that an increase in the content of
mechanically activated mixed binder in the composition of the mortar mixture (the ratio of the mass
of binder to the mass of quartz sand) leads to an increase in the strength of the mortar at a 3-day age
from 24 MPa to 40.5 MPa, i.e. by almost 70%. At the age of 28 days, the effect of the content of
activated mixed binder on the strength of the mortar is slightly reduced and is 62.5%. With respect
to the effect of the superplasticizing additive on the strength of the mortar on the mechanically
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activated binder, it should be noted that an increase in the consumption of SP from 0 to 1% leads to
an increase in the strength of the cement-mixed samples at the age of 3 days from 31 MPa to 41.2
MPa, i.e. by almost 35 %, and at the age of 28 days from 52 MPa to 67 MPa. As for the effect of
ground limestone content on the compressive strength of the mortar in the maximum zone, it should
be noted that at the age of 3 days, an increase in limestone consumption in the mixed binder from 0
to 40% causes a decrease in the compressive strength of the mortar from 40.5 to 32 MPa, i.e. by
almost 23 %. For a mortar on a mechanically activated binder at the age of 28 days, the introduction
of 40 % ground limestone into the binder leads to a decrease in the strength of the samples
(compared to the use of Portland cement without the addition of ground limestone) by 23 % to 35
MPa. As for the effect of mechanical activation on the strength of the mortar, it should be noted that
the maximum effect from high-speed processing of the cement-mixing composition with the
addition of ground limestone is observed at the age of 3 days — in this case, the increase in the
strength of the mortar is at least 60 %. At 28 days of age, the effect of mechanical activation
decreases and the increase in the strength of samples on activated binder (compared to the control)
is no more than 30...32 %.

Conclusions:

1. The combined effect of mechanical activation of the mixed binder and the use of the
superplasticizer Relaxol-Super PC in an amount of 1 % ensures the production of a building mortar
with a compressive strength of 65 MPa at 28 days of age, which is 30...32 % higher than the
strength of a mortar of similar composition of a mixed binder that is not subject to mechanical
activation.

2. Mechanochemical activation of a cement-containing aqueous composition with the addition
of 40 % limestone ensures the production of a mortar with the same compressive strength at 28 days
of age as in the case of using non-mechanically activated Portland cement, but in the complete
absence of limestone addition to it.
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BYJIIBEJIbHUI PO3YHH HA MEXAHOAKTUBOBAHOMY MOPTJIAHIIEMEHTI
3 JOBABKOIO MEJIEHOI'O BAITHAKY
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AHoTaunif. B mpakTuii BupoOHUITBa OyAiBEIbHUX PO3UMHHUX CYMIIIEH Ta pO3YMHIB Ha iX
OCHOBI IIUPOKE PO3MOBCIOJKECHHS OJIEPYKAJIM [IEMEHTH 3 BUKOPUCTAHHSAM MiHEpaJIbHUX JO0aBOK i
30KpeMa, MEJICHOI'0 BamHAKY. TeXHOJIOTIYHO Taki 3MilllaHl LIEMEHTH MOXJIMBO OTPUMYBATH SIK
CYMICHHM TIOMEJIOM TOPTIAHIIEMEHTHOTO KIIIHKEPY, JBOBOJHOTO TilCy Ta 100aBKH BAaIHAKY TaK i
peTeabHUM 3MILIYBaHHSAM IOPTIAH/LEMEHTY 3 MEJIEHUM BalHAKOM. [lepcreKTUBHMM MeToJ0M
MOKPAIICHHS! MEXaHIYHUX XapaKTepHCTUK OyIiBEIbHHX PO3YMHIB € IHTEHCHMBHA MEXaHOXIMiYHa
aKTUBalligd 3MIIIAHUX IIEMEHTIB B IIBHJAKICHUX 3MilllyBayax TypOYJIEHTHOro Tumy. Po3risHyTi y
CTaTTi THUTAaHHS TOB’s3aHI 3 BHU3HAYCHHSM BIUIMBY pPELENTYPHO-TEXHOJOTIUYHUX (DaKTOpiB Ha
MIIHICTh OyJIBETFHOTO PO3uMHYy B 3-X, 7-mH Ta 28-u qo0oBomy Bimi. JlocmimxyBanach MILHICTb
IPU CTUCKY 3pa3KiB, SIKi OyJdM BHTOTOBJICHI 13 PO3YMHY CyMilli SIK Ha MEXaHOAKTHBOBAHOMY
B’SDKY4YOMY TaK 1 Ha B’SDKyYOMY aHAJIOTIYHOIO CKJIAAy, ajle sike MEXaHOAaKTHBAllii He MiJJIAraio.
ExcnepumeHTanbHi  JOCHIIPKEHHS  MPOBOMWIMCS 3 ~ BHKOPHUCTaHHAM  J[-ONTHMalbHOTO
MaTeMaTHUYHOTO IUIAHY 3 BapilOBaHHSIM HACTYNHUX (aKkTOpiB: X1 — LIEMEHTHO-IIIIaHe B1THOLUICHHS
(Big 1:3 mo 1:1); X2 — BMICT MeJIeHOTO BamHAKY Yy 3MmimaHomy B sokydomy (20 + 20 %); X3 —
BUTpaTa cymnepriactugikyrodoi nodasku Penakcon-Cymnep 1K (0,5 £ 0,5 % Big Macu B’spKydOro).
OpepxaHi MaTeMaTU4HI MOJEN CBIIYATh MPO TE, 1[0 MAaKCUMaJbHUM BIUIMB (13 MEpepaxOBaHUX
(dakTopiB) Ha MILHICTh OyJIBEIHHOTO PO3YMHY HAJa€ BMICT MEXaHOAKTHBOBAaHOI'O B’SDKYUOro B
HbOMY. 3POCTaHHS MOr0 BUTPATH B CKJIaJl PO3YMHOBOI CYMIIlll BHKJIMKAE MIJBUINEHHS MIITHOCTI
OyIiBeNBHOTO pO34MHY B 3-X n0060Bomy Bili 3 24 go 40,5 Mlla, To6To Maiixe Ha 70 %. B 28-u
1000BOMY BIlll BIUIMB BUTPAaTH aKTUBABAHOT'O 3MIIIAHOIO B’SDKYYOrOo Ha MIIHICTH Oy/IiBEIbHOTO
PO3UMHY JIello 3MeHuIyeTbes 1 He nepeBuurye 60 %. HactynmHumu mo BIuMBY (hakTopamMu Ha
MILHICTh OY/IBEIBHOIO PO3UYMHY € BUTpATa CyNnepIuiacTU(ikaTopy Ta MPOLEHTHUI BMICT MEJIIEHOTO
BanHAKy. CyMiCHUH BIUIMB MEXaHOXIMIYHOI akTuBauii B mpucytHoctTi 1 % Penakcon-Cymep I1K
JI03BOJIIE BBOAUTU B mnoptriaHaueMeHT a0 40 % MeneHoro BamHAKY, 3a0€3Meuylodd MpU LOMY
TaKky 5K MINHICTh TPH CTUCKY OYJIBEJBHOTO PpO34YMHY, SIK y pa3l BUKOPUCTaHHSA
HEMEXaHOAKTUBOBAHOTO MOPTIIAHALIEMEHTY, ajie 0e3 100aBKH MEJIEHOTO BaITHSKY.

KurouoBi cioBa: OyaiBenbHMI pO3YMH, MEXaHOXIMIYHA aKTHBallid, BalHSHA CYMIII,
B’sKy4e, MOPTJIAHILEMEHT, MEJICHUI BaITHSIK.
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Abstract. The issues considered in the article are related to determining the effect of mechanical
activation of a mixed binder on the properties of a building mortar. The study involved partial
replacement of cement with ground crystalline quartz sand and amorphous microsilica (hereinafter
MS) in combination with the use of the superplasticizer Relaxol-Super PC (hereinafter SP). The
amount of ground sand was adjusted in the range from 0 to 40%, MS from 0 to 10% and SP from O to
1% of the binder mass. The activation period of the binder was 180 sec. The use of this formulation
allows increasing the strength and reducing the consumption of Portland cement in the technology of
manufacturing a building mortar. The obtained experimental data confirmed the influence of
formulation and technological factors on the water-solid ratio of the cement-containing composition. It
was found that the main contribution to the reduction of the water-solid ratio (provided that
equiviscous compositions are obtained) is made by mechanical activation in combination with the
replacement of 40% of cement with ground quartz sand and the addition of 1% SP. The water-solid
ratio decreases by more than 50%, which has a positive effect on the strength of the solution.

The increase in the strength of the mortar with the addition of SP reached 93% (at the early
stages of hardening) and 56% (at the grade age) compared to the control. The use of MS in the
composition of the mortar provides a relatively small increase in strength (12%) at the early stages
of hardening and 8% at the grade age compared to the control.

The use of mechanical activation alone provides an increase in the strength of the mortar by
18% (at the early stages of hardening) and 13% (at the grade age) compared to the control. The
combined effect of mechanical activation, SP and MS in the composition of the building solution
compensates for the negative impact of ground quartz sand and has a positive effect on the growth
of strength (up to 38%), ensuring a reduction in cement consumption by 40%.

Keywords: Portland cement, ground quartz sand, superplasticizer, microsilica, mechanical
activation, mortar.

Introduction. In the technology of manufacturing mortar, the most expensive component is
cement. In this regard, mixed cements with the use of active and inert mineral additives are becoming
increasingly relevant. A promising method for improving the physical and mechanical characteristics
of hardened composites is the use of mechanical activation. The issues considered in the article are
related to determining the combined effect of the technological factor (mechanical activation), as well
as the formulation factors (ground quartz sand, SP and MS) on the strength of the mortar.

Analysis of the latest research and publications. One of the important problems of the
technology of production of mixed cements is the creation of optimal combinations of Portland
cement with mineral additives, the presence of which increases the potential capabilities of the
binder [1-3]. In this regard, the replaceable part of Portland cement with mineral additives [4, 5], in
addition to economic efficiency, helps to obtain a binder with improved properties [6-8].

To solve the problem of improving the properties of cement stone and building composites based
on it, various methods have been created [9], among which mechanochemical methods of activating
the binder are promising [10, 11]. Among the existing methods of activating the hydration processes of
cement compositions, turbulent high-speed mixers of various designs are widely used [12].
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The use of surfactants is extremely important in the technology of manufacturing resource-
saving building solutions [13-15]. Such additives are often used both individually and in
combination with other additives of synthetic or natural origin [16]. Their presence reduces excess
water during the preparation of the mortar, which increases its strength [17, 18].

The use of such ultrafine additives as MS promotes a denser packing of concrete components
due to the microscopic size of its particles [19]. To maintain the proper consistency of concrete
containing MS, it is also necessary to use SP [20]. The addition of MS increases adhesion and
reduces the porosity of the contact zone of the filler with the cement mortar [21].

It is expected that the use of mechanical activation in combination with the use of ground
quartz sand, MS and SP will lead to a decrease in the consumption of Portland cement while
simultaneously increasing the strength of the mortar.

Objectives and tasks. The aim of the work is to determine the effect of mechanical activation
of a mixed binder in the presence of SP on the compressive strength of a building mortar.

Materials and research methods. The consistency of the cement-water composition with the
addition of ground quartz sand was taken to be such that its spread diameter on a shaking table was in
the range of 140+5 mm. Quartz sand was ground in a ball mill for 60 minutes. Activation of only
Portland cement and a mixture of Portland cement with ground sand was carried out in an aqueous
medium, in a mechanical activator for 180 sec.

Polycarboxylate superplasticizing additive Relaxol — Super PC was used as an additive for
plasticizing the mixture. Ground quartz sand (specific surface area 0.056 m*g) and MS (specific
surface area 20 m?/g) were used to replace cement.

Cement-sand mortar on a non-mechanically activated binder without the addition of ground
quartz sand, SP and MS was used for control. The separate and combined effects of mechanical
activation, ground quartz sand, SP and MS on the strength of the mortar were assessed by testing
4x4x16 cm beam samples for compression at the age of 1, 7 and 28 days of hardening. The
composition of the mortar mixture for making the samples was taken as 1:1 (binder:sand). The
compositions of the mixtures for making the samples were taken as given in Table 1. A three-factor
experiment was conducted to determine the effect of variable factors on the strength of the samples.

Table 1 — Three-factor experiment plan, mixture compositions and the effect of RTF on W/S

Composition Factor levels Portland | Ground WI/S
number X1 | Xo | X3 cen(;l/ent, quartz | SP, % | MS, % control |activation
0 sand, %
1 - - - 100 0 0 0 0.377 0.344
2 + - 100 0 1 0 0.225 0.215
3 0 0 - 80 20 0.5 0 0.26 0.245
4 + - - 60 40 0 0 0.333 0.309
5 + + - 60 40 1 0 0.204 0.187
6 - 0 0 100 0 0.5 5 0.251 0.238
7 0 - 0 80 20 0 5 0.345 0.324
8 0 0 0 80 20 0.5 5 0.241 0.228
9 0 + 0 80 20 1 5 0.223 0.201
10 + 0 0 60 40 0.5 5 0.226 0.213
11 - - + 100 0 0 10 0.36 0.341
12 - + + 100 0 1 10 0.22 0.211
13 0 0 + 80 20 0.5 10 0.236 0.224
14 + - + 60 40 0 10 0.33 0.305
15 + + + 60 40 1 10 0.202 0.186

Modern construction and architecture, 2024, no. 10, page 61-68



BUILDING MATERIALS AND TECHNIQUES

Table 1 shows the plan of the three-factor experiment and the experimental data reflecting the
influence of the recipe and technological factors (RTF), namely: a) the content of ground sand in
the binder — X; (20£20%); b) the concentration of SP — X, (0.5+0.5%); ¢) the consumption of MS —
X3 (5£5%); d) mechanical activation (180 sec) on the water-solid ratio (W/S) of cement-containing
aqueous compositions. The choice of factors is associated with the possibility of ensuring the
strength of samples above 30 MPa.

Research results. In the studies, Portland cement PC 11/A-Sh-500 was used as a binder. The
binder meets the requirements of DSTU B V.2.7-46:2010 "General-purpose cements.
Specifications"”. The mixed binder was obtained by jointly grinding Portland cement and quartz
sand in an amount of 20 and 40%. Quartz sand with Msz = 2.2 was used as a filler for the mortar.

The experimental data presented in Table 1 indicate that the use of mechanical activation,
ground quartz sand, SP and MS in the cement-water composition has a positive effect on reducing
the water-solid ratio of equiviscosity compositions from 0.377 (control) to 0.186 (activation,
maximum consumption), i.e. by more than 46%. It should be noted that the main contribution to the
decrease in the water-solid ratio is provided by SP (the W/S ratio decreases from 0.377 to 0.223, i.e.
by almost 41%). The second largest influence on the decrease in the W/S ratio is the factor of
ground sand (it decreases from 0.377 to 0.333, i.e. by more than 11%). The third factor in terms of
influence on the reduction of the W/S ratio is the mechanical activation factor (it decreases from
0.377 to 0.344, i.e. by more than 8%), the last factor in terms of influence is MS (it decreases from
0.377 to 0.36, i.e. by more than 4%).

The compressive strength properties of the mortar (responses) are given in Table 2.

Table 2 — Compressive strength of mortar

N Responses
o REGHTT, MPa RYECE Mg
1 day 7 days 28 days 1 day 7 days 28 days
1 21.5 39.8 46.0 25.4 44.7 51.8
2 41.5 68.7 71.9 51.9 76.8 83.7
3 18.3 37.3 43.0 24.0 42.9 50.3
4 12.1 24.1 31.2 15.6 27.7 36.1
5 26.5 47.0 50.9 31.1 52.3 56.4
6 36.9 57.1 62.4 43.9 63.2 70.5
7 12.7 29.5 38.0 15.4 33.6 42.3
8 21.3 46.2 52.8 24.8 54.9 60.1
9 20.3 57.4 60.6 25.9 67.6 67.9
10 20.2 36.9 40.9 26.9 42.2 49.1
11 24.1 43.5 49.7 29.4 475 52.5
12 43.4 72.2 75.9 54.2 79.3 87.2
13 21.9 48.3 52.5 30.5 57.9 61.3
14 12.3 25.5 321 15.6 29.6 38.7
15 24.6 49.1 56.1 32.7 54.7 63.8

Note: EESHT — compressive strength of mortar on non-activated binder on the 1st, 7th and
28th day;

REEH _ compressive strength of mortar on mechanically activated binder on the 1st, 7th and

28th day.
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Experimental statistical models reflecting the influence of variable composition factors on the
compressive strength of mortar on the 28th day, on non-activated (1) and mechanically activated (2)
binders, are presented on the models:

REo™E28 = 49 8 — 92Xy + 2,6%7 — 1,4X1 X5 + 0,2X1X3 (1)
+11,9X, + 0,3%8 +0,7X,X3
+2,2X3— 1,353

prmecki® =579 10,1X; + 3,3%5 — 2,6X1 X, + 0,6X1X3 2)
+13,7X, — 1,438 +1,0X,X3

+2,7X3 - 0,75

Note: E™eekZ® _ strength of mortar based on mechanically activated binder; Rfeme2®
strength of mortar on non-activated binder.

Analysis of mathematical models (1, 2) indicate that, according to the values of the
coefficients for the variable factors, the greatest influence on the compressive strength of the mortar
for the grade age of hardening is exerted by the content of ground sand and SP in it.

The effect of the amount of ground sand and the concentration of SP on the strength of the
mortar is confirmed by the experimental data, which are graphically reflected in Fig. 1, 2.

For the mortar on a non-mechanically activated binder at the age of one day, Fig. 1, an increase
in the consumption of SP from 0 to 1% (factors X; and X3 are at the level of -1) ensures an increase in
the strength of the mortar from 21.5 MPa to 41.5 MPa, i.e. almost 2 times. At the age of 7 days, an
increase in the consumption of SP contributes to an increase in the strength of the mortar from 39.8
MPa to 68.7 MPa, i.e. more than 72%. At the brand age, the mortar strength increases from 46 MPa to
71.9 MPa, i.e. by more than 56%. This allows us to state that the use of SP provides the greatest (of the
factors used) strength increase at the early stages of hardening. For more distant hardening periods, the
effect of SP on the mortar strength decreases and does not exceed 56% at the age of 28 days.

An increase in the consumption of ground quartz sand in the binder leads to a decrease in the
strength of the building mortar. For the building mortar at the age of one day on a non-mechanically
activated binder, Fig. 1, an increase in the consumption of ground sand from 0 to 40% (factors X,
and X3 are at the level of -1) leads to a decrease in the strength of the mortar from 21.5 MPa to 12.1
MPa, i.e. by almost 44%. At the age of 7 days, an increase in the consumption of ground sand leads
to a decrease in the strength of the mortar from 39.8 MPa to 24.1 MPa, i.e. by more than 39%. At
the brand age, the increase in the consumption of ground sand leads to a decrease in the mortar
strength from 46 MPa to 31.2 MPa, i.e. by more than 32%. Thus, it can be stated that the greatest
impact on the decrease in the mortar strength due to the introduction of a binder into the
composition occurs at the early stages of hardening.

The increase in the consumption of MS in the binder leads to an insignificant increase in the
mortar strength. For a daily-aged mortar on a non-mechanically activated binder, Fig. 1, an increase
in the consumption of MS from 0 to 10% (factors X; and X, are at the level of -1) ensures an
increase in the mortar strength from 21.5 MPa to 24.1 MPa, i.e. by almost 12%. At the age of 7
days, an increase in the mortar strength is observed from 39.8 MPa to 43.5 MPa, i.e. by more than
9%. At the brand age, the increase in the strength of the solution due to the introduction of MS does
not exceed 8% (from 46 MPa to 49.7 MPa).

Mechanical activation of the binder leads to an increase in the strength of the mortar. The effect of
mechanical activation for the mortar at the brand age, Fig. 2, is on average 15% (compared to the
strength of the mortar on a non-activated binder) of the increase in strength. For the mortar at the age of
one day on a mechanically activated binder, Fig. 1, the use of mechanical activation for 180 sec (factors
X1, Xz and Xj are at the level of -1) provides an increase in the strength of the mortar from 21.5 MPa to
25.4 MPa, i.e. by more than 18%. At the age of 7 days, mechanical activation provides an increase in
the strength of the mortar from 39.8 MPa to 44.7 MPa, i.e. by more than 12%. At the brand age, an
increase in the strength of the mortar is observed from 46 MPa to 51.8 MPa, i.e. by more than 13%.
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Fig. 1. The effect of curing time on the strength of mortar:

a, b — content of ground sand in the binder 0 and 40%, respectively, content of microsilica 0%;
¢, d — content of ground sand in the binder 0 and 40%, respectively, content of microsilica 10%;
--------- — solution on mechanically activated (for 180 sec) binder;

------ —solution on non-activated binder (control);
1, 2 —superplasticizer consumption 0 and 1% respectively (from the mass of the binder)
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Fig. 2. The effect of the content of ground quartz sand and the concentration of SP in the binder on the
compressive strength of the mortar at 28 days of age:
--------- — solution on mechanically activated binder;
------ — solution on non-activated binder (control)

Shown in Fig. 1, 2 experimental data indicate that the combined effect of mechanical
activation, introduction of SP and MS into the composition of the building solution compensates for
the negative effect of ground quartz sand and has a positive effect on the growth of compressive
strength. Such a composition provides an increase in strength from 46 MPa (control) to 63.8 MPa
(activation, factors Xi, X, and X3 are at level 1), i.e. by more than 38% and reduces the
consumption of Portland cement from 30 to 40%.

Conclusions:

1. An increase in the level of variable factors (ground quartz sand, SP and MS in the
composition of the mortar) and the use of mechanical activation have a positive effect on the
decrease in the water-solid ratio of equal-viscosity mortar mixtures (on average up to 50%
compared to the control). The main contribution to the decrease in the water-solid ratio is provided
by SP (almost 41% of the total).

2. The combined effect of mechanical activation, SP (1%) and MS (10%) in the composition
of the mortar compensates for the negative impact of ground quartz sand (40%) and has a positive
effect on the growth of its strength at grade age, which is 35-40% (compared to the control).
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MEXAHOAKTUBALIA 3MIIIAHOI'O B’SI2KYUOI'O TA i BIVIUB HA MIIIHICTb
BYAIBEJIBHOI'O PO3YNHY
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Y00ecora oepaicasna akademis 6yOiBHUYMBA ma apxXimexmypu
By Jlinpixcona, 4, M. Oneca, Ykpaina, 65029

AHoTanisA. Po3risgHyTi y cTaTTi NMTaHHS NOB’s3aH1 3 BU3HAYEHHSAM BILJIMBY MEXaHOAKTHBAL]
3MIIIAHOTO B’SDKYYOr0 Ha BIIACTUBOCTI OyIiBENBLHOTO po34MHY. JIOCTI/DKEHHS TOJNSITalio Yy
YacTKOBIM 3aMiHi 1IEMEHTY MEJeHHM KpUCTAIIYHUM KBapIOBUM IIICKOM Ta aMOp(HUM
MiKkpokpemHe3eMoM (B monpaibiiomy MK) B moemaHaHi 3 BUKOPHUCTaHHSIM CYIEpIUIacTU(IKATOPY
Penakcon-Cynep IIK (B nopansmomy CII). KibkicTh MeneHOro micky Koperypajiacs B Jiana3oHi
Bix 0 1o 40%, MK Bix 0 mo 10% ta CII Bix 0 no 1% macu B'soxydoro. Tepmin akTuBallii BsDKy9I0TO
cknagaB 180 cek. 3acTtocyBaHHs JaHOI peLENTypU HaJa€ MOXJIUBICTb HIABUIIUTHU MILHICTh Ta
3HU3WUTHU BUTPATH NOPTIAHIIEMEHTY B TEXHOJIOT11 BATOTOBJICHHS OY/1iBEILHOTO PO3UYHHY.

OpepxaHi eKCIEpUMEHTaldbHI JaHi MIATBEPAWIA BIUIMB  PEUENTYPHO-TEXHOJIOTTYHUX
¢dakTopiB Ha BOJOTBEpJAE BiTHOLICHHA LEMEHTHO-BMIIYIOUOi KOMITO3MIii. BcraHoBieHo, 10
OCHOBHMH BKJIaJl B 3HM)KEHHS BOJOTBEPJOrO BIJHOUICHHS (IIPH YMOBI OJEpXaHHSA PIBHOB’SI3KHUX
KOMITO3HI[if) HaJlae MEXaHOAKTHBAIlsl B CYKYMHOCTI 13 3aMiHOO 40% IIeMEHTY MEJIICHUM
KBapLOBUM ITickoM i noaaBanHsM 1% CII. BogoTBepae BiHOIIECHHS 3MEHITY€EThCS Oibllle, HiXK Ha
50%, 1110 TO3UTUBHO BIJOOPAKAETHCS HA MILIHOCT1 PO3UYHHY.

3poctaHHs MiHOCTI OyniBenbHOro pos3uuHy 3 jponaHHsMm CII pocsrano 93% (Ha paHHIX
TepMiHaX TBEpAHEHHs) Ta 56% (y MapouHOMY Billi) B MOPiBHAHHI 3 KOHTposieM. Bukopucranus MK
y cKjJajai OyAiBeIbHOro PO34yMHY 3a0e3ledye BIIHOCHO He3HauyHe 3pocTaHHs MimHocTi (12%) Ha
paHHIX TepMiHaxX TBEpIHEHHS Ta 8% y MapOYHOMY Billl B IOPIBHAHHI 3 KOHTPOJIEM.

BukopucranHs TUIBKM MeXaHOAKTHBALl 3a0e3Meuye 3pOCTaHHs MILHOCTI po3uuHy Ha 18%
(Ha paHHIX TepMiHax TBepAHEeHHs) Ta 13% (y MapoyHOMY Billl) B MOpPIBHSHHI 3 KOHTPOJIEM.
CymicHa pis MexanoakTtuBauii, CII Ta MK y ckmangl OyaiBenpHOro poO34HMHY KOMIIEHCY€E
HETaTUBHUI BIUIMB MEJCHOTO KBapIOBOTO MICKY Ta TO3UTHUBHO BiJOOpa)XaeThCsl HAa 3pPOCTaHHI
MitHOCTI (710 38%), TakoK 3a0e3MeUyrour 3HMKEHHS BUTpATH 1leMeHTy Ha 40%.

KuouoBi cioBa: mMOpTIaHIIIEMEHT, MEJIEHUNM KBapIOBUU IMICOK, cyIepruiacTudikaTop,
MiKpOKpEMHE3eM, MEXaHOAKTHBAIlis, Oy/1iBEIbHUN PO3UHH.

Cratta Haaidnua o penakuii 1.12.2024
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AHoOTalis. Y cTaTTl NPOIMOHYETHCS NEKOPATHUBHI MaTepiaiu 1 BUpOOU pO3IIIAJaTH y BUIIISL
BIIKPUTUX CKJIQJHOOPTaHI30BaHUX CHUCTEM, $KI MEPMAHEHTHO B3a€MOJIIOTh 3 HaBKOJUIIHIM
CEpPE/IOBHINEM 1 pearylTh Ha BCIO CYKYIHICTh 30BHINIHIX BIUIMBIB. 3 METOI 30€peKEeHHS
(YHKIIOHAJILHUX BJIACTMBOCTEW Ha 3a/laHOMY DPIBHI IPONOHYETHCS 3aCTOCOBYBAaTH OaraTopiBHEBE
JUCKpPETHE apMyBaHHs MaTepiaidy BHpoOiB. JluckpeTHa apMarypa, SK BUXiJHa CKJIaJ0Ba 37aTHa
IpUiMaTH y4acTh B MPOLECAX CTPYKTYPOYTBOPEHHS Ha BCIX PIBHAX CTPYKTYpPHOI HEOJHOPIIHOCTI
JIEKOPaTUBHOTO KOMIIO3UTY. MexaHi3M oprasizaiii MIKpOCTPYKTYpPH AHCIEPCHO-apPMOBAHOTO
MaTepially BHBYAaBCS Ha PI3HUX MOJAENAX PI3HUX AMCIEPCHUX cHucTeM. ExcnepumeHTanbHi
JOCTIPKEHHsI MPOBOJMINCH B JIeKUIbKa eramiB. Ha mepuromy erami BUKOPHCTOBYBAIMCS MOJEINI
(b1314YHOT B3a€MOJIIT YaCTOK JUCIIEPCHOI (pa3u Ha MOBEPXHI MOJEINI AUCIEpCHOro cepenosuiia. Ha
IpyroMy eTami JUis OLIHKH CTyIeHs JIucnepcHocTi (iOpu Ta aHamizy KIHETUKUA YTBOPEHHS
KJIACTEPHUX MIACTPYKTYp MIKPOCTPYKTYPH apMOBAHHUX KOMIIO3UTIB 3aCTOCOBYBAJHCS (i3WUHI
MO/I€JI1 TTIMHSHO-BOAHMX 1 MOJIMEPBMIIIYIOYMX CUCTEM.

3nificHeHni aHaii3 Mojened MIKYACTKOBMX B3a€MOJIM J103BOJMB BCTAaHOBUTH, MIO
HAMOBHEHHSI KJIACTEPHUX CTPYKTYP AMCKPETHOIO apMaTyporo 30UIbLIyE CTPYKTYpPHE Pi3HOMAHITTS
CHUCTEMH. 3aJIeKHO BiJ| CHIBBIAHOIIEHHS JIIHIHHUX YacTOK 1 AMCIEPCHUX 3€pEH YTBOPIOIOTHCS
KJIACTepHI MIACTPYKTYPH PI3HOI Npupoau. AHATI3 BIACTHBOCTEH PIZHUX CKJIQAIB TIMHSIHOT
KOMIIO3ULIi JTOBOJUTH, IIO0 PI3HOMAHITHICTh KIJIACTEPHUX MIJACTPYKTYp HAJa€E MOXKIMBICTh
MOJIMIIUTH CTPYKTYpPHI MapaMeTpu JUcCHepcHii cuctemi. JlocmikeHHs MoKa3aiu, 10 BETUYHMHA
00’eMHUX Jedopmaliii BHU3HAYAETHCS IOYATKOBUM CKJIQZAOM TIMHU. Bukopucrtanus ¢ibpu
ONTUMAIBHOI T€OMETpii B KOMIIO3UIIISIX 3a0e3leuye OTPUMaHHS CTPYKTYp 31 3HAYHO MEHIIOO
KUTBKICTIO J1edekTiB. [[ng HecnpocTOBHOTO J0Ka3y TOro, L0 JIIHIHHI YacTKM CHPOMOXHI J0
CHOPUMHATTA 1 mepepo3noiury aedopMalliid, Ha MPUKIAAl BUTOTOBIEHUX (I3MUYHUX MO/IENEH,
PO3IIISIHYTO PO3MOJIN 3aJIMIIKOBUX HampykeHb 1 aedopmariii B ONTHYHO-UYTIUBOMY MOTIMEPI.
BizyanbHuil aHaii3 KapTUH CMYT MOJIMEPHUX 3pa3KiB MPOJAEMOHCTPYBaB, 110 MPUCYTHICTH (iOpH B
CKJIaJll KOMITO3UTY 3MIHIOE XapakTep po3MoIiry 00’ eMHUX AedopMariiil.

Kiio4uoBi ciioBa: nekopaTUBHUN KOMIIO3HUT, CTPYKTYpa, (idpa, IucrepcHa cucTteMa, Kiacrtep,
nedopmMartii.

Beryn. CknasHi yMOBU €KCIUTyaTallii JeKOPaTUBHUX €JIEMEHTIB MOTPeOyIOTh BiJl MaTepiaity
30epiraTd MPOTITOM HOPMOBAHOTO Yacy TEBHHHM piBEeHb (i3MKO-MEXaHIYHMX BIIACTHBOCTEH Ta
JICKOPATUBHUX TOKa3HUKIB. L[e MOMIJIMBO MOCSTTH 3a paxyHOK 3AaTHOCTI MaTepialy J0 TpOSBY
CTIOHTaHHUX MPOLIECIB IPUCTOCYBAHHS /10 HECTIPUATIMBUX A1l HABKOJIMIIHBOTO cepeoBuIiia. CBOEIO
Yepror aJanTHBHA CIIPOMOXHICTh Marepialy Ta BHPOOy B IIJIOMY 3aJICKUTh BiJ] OCOOIMBOCTEH
oopmienHs ix cTpykTypu. CTpyKTypHY Oy10BY J100MX 00’ €KTIB JOL1IHHO BUBYATH Ta aHAJI3yBaTH,
K TI0Ka3aB HAKONWYCHWH JOCBiA, B paMKax CHCTEMHOTO minxoxy. J[ms 1poro nexopaTHBHi
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Marepiajau, BUPOOU 1 KOHCTPYKIIIT BApTO PO3TIIAAATH Y BUTJISAII BIIKPUTHUX CKJIAJHOOPTAaHI30BAHUX
cHCTeM, fKi 3/1aTHI O MpOsIBY HPOIIECiB camooprasizauii. BiakpuTicTs mpuiyckae, mo cucrema
TIEPMaHEHTHO B3a€MO/II€ 31 CBOIM OTOYEHHSIM Ta 3/1aTHA aJICKBATHO pearyBaTH Ha 30BHIIIHI BIUIMBH.
CknaiHi CUCTEMH O03HA4aloTh, IO JIEKOPATHBHI 00 €KTH SABISIOTH COOOI0 MEBHY IUIICHICTD, SIKa
BKJIIOYAE B ceOe OKpeMi CKJIaJHOOPTaHi30BaHI MiJCUCTEMH 3 XapaKTEPHUMH HETIOBTOPHUMU IS
KO)KHOT MiJICHCTEMHM MeEXaHi3MaMH TE€PMAaHEHTHOTO CTPYKTypoyTBopeHHs. Ilin sBumamu Ta
MpoIiecaMu caMoOpraHizailii, B KOHTEKCTI 1aHOT poOOTH, pO3yMIIOThCSI CAaMOBLIbHI 3MIHU MTAPAMETPIB
€JIEMEHTIB CTPYKTYPH B IHIMBIAyaJbHUX MiJACHCTEMAax, IIO CIOHYKae iX 10 TpOsiBY e(eKTiB
CaMOPETYJIFOBaHHS, B3a€MOJIIH 1 B3a€MOBIUIMBIB 3 METOIO 30€pE)KEHHS Ha 3aJlaHOMY piBHI 0a30BHX
(YHKIIOHAIFHUX BIACTUBOCTEH LIJTICHOT CHCTEMH.

[IpoBeneHMI aHATITUYHUN OIJIA HAYKOBO-TeXHIYHOI 1H(opmarii mokasaB, 1O ¢i3UKO-
MeXaHI4HI BJIACTHBOCTI MPAKTUYHO BCiX MarTepiajiB i BUPOOIB HA OCHOBI MiHEpAIbHUX B’SKYUHX
3alleKaTh Bijl SIKICHOTO Ta KUIBKICHOrO CKIay HeCyLUIbHOCTCil. Jl0 HECYLIIbHOCTEH BiXHOCSTHCS
I0pH, Kalilsgpy, BHYTPIlIHI MOBEPXHi PO3MiMy Ta TPIlMHH. IX TIPHCYTHICTH 3adikcoBaHa HA BCiX
PIBHAX CTPYKTYpPHUX HEOAHOPITHOCTEH (MiacucTeM). B cuity Toro, 110 HecyiIbHOCTI HE BXOIATh 10
MEepeiKy BHUXITHMX CKJIAaJOBHX, TOX IIOCTa€ HarajdbHa 3ajadi, NOB’sA3aHa 3 BIANOBLAIIO Ha
y3arajabHEH1 MUTAHHS, SIK, YOMY, KOJIU Ta JIeé BOHU BUHUKAIOTh. 3’ SIBUBILUCH, HECYLINIBHOCTI CTalOTh
CAMOCTIHHMMH eJeMEeHTaMH CTPYKTypH Ha BCiX piBHAX HEOJHOpiZHOCTeH. IX cBoepimna
ABTOHOMHICTB BeJIe 10 aKTHBHOT Y4acTi B PO3BUTKY BOJIOTICHUX JAedopMalliii, KanmiaaspHOMY IiJCcOCi,
BOJIOTIOTTIMHAHHI, B JU(Y31HHUX TMpOIEcax MacONEepeHOCy, Mepepo3NoAii BIACHUX 1 30BHILIHIX
nedopmariiii, KOHIEHTparii aedopMaliii Ta HaNpyXKeHb, MOPO3OCTIMKOCTI Ta OaraTo IHIIUX
nporieciB. TakuM YMHOM, HECYLUIBHOCTI CJIiJT BITHECTH J0 €IEMEHTIB CTPYKTYPH 3[JaTHUX BIUIMBATH
Ha 3a0e3nedyeHHs 6e3rmeyHoro GyHKIIOHyBaHHS OyAiBEIbHUX KOMIIO3HUTIB.

OpHuM i3 e(heKTUBHUX METO/IiB 3MEHILICHHS HETaTUBHOT i1 HECYLITBHOCTIMH, SIK TOKa3aB OIS
JIiTepaTypu, € 3aCTOCYBaHHsS IUCKPETHUX JIHIMHUX apMyIO4YMX KOMIIOHEHTIB C€aMoOi LIMPOKOi
HOMEHKJaTypu. JluckpeTHa apMaTypa pO3IJIAJA€ThCS Yy BHUIVILII YHIKaIbHOT CKIJIAJ0BOi, sKa
OJIHOYACHO MPHUCYTHS HA PI3HUX PIBHSAX HEONHOPITHOCTEH (B pi3HUX MifcUcTeMax). BoHa BXoauTh
70 CKJaxy BHXIJIHUX KOMIIOHEHTIB, MO0 OOOB’S3KOBO BHMAara€ po3IJIAJaTH MeXaHI3MHU
CTPYKTYPOYTBOPEHHS 3 YUACTIO JIHIHHUX JUCKPETHUX €JIEMEHTIB.

AHaJji3 octaHHiX aocjimxkens Ta myoOjikamiii. [IpoBenenuit ornsan $haxoBux JOCTiIKEHb
MOKa3aB, 100 MOSICHUTH MEXaHI3M TOJIIMIIeHHs] YM HaBMNAKU TOTIPIIEHHS BJIACTUBOCTEN
OyAiBeTbHUX KOMIIO3UTIB HAJIEKHUTH 100pe BUBUUTH MIKPOCTPYKTYpY MaTepiaiy BUpoOiB. 3araiom
OTPUMAaHHS ONTHUMAJIBHOI CTPYKTYPH OETOHY, TOOTO 13 MEHIIOIO KUIBKICTIO A€(PEKTIB 1 IpIOHUMHU X
po3MipamH, TIOBUHHO I'PYHTYBAaTHUCh Ha KOMIUIEKCHOMY MiJXOJi /0O KOHCTPYIOBaHHS CTPYKTYp Ha
ioro Mikpo- i MakpopiBHSAX. B pamkax momicTpykTypHOi Teopii BH3Hau€HO, 110 (HOpMyBaHHS
AKICHUX CTPYKTYp MaTepialy Mae€ 3/A1HCHIOBATHCS NUIIXOM CTBOPEHHS Ha KOXXHOMY piBHI HoOro
CTPYKTYpPHOI HEOJHOPIAHOCTI MEBHUX HAOOpPIB KIACTEPHUX MIACTPYKTYD, SIKI XapaKTEPU3YHOThCS
OUTBII CTIHKOIO JO BHYTPIIIHIX 1 30BHIMIHIX BIUIUBIB MiX(a3HOW rpanunero posaury [1-4]. 3a
nanumu E.J. Garboczi, D.R. Bentz ta 1. [5] MikpocTpyKTypa OETOHY € TOCHUTh HEBIOPSIKOBAHOIO,
sKa CKJIAJa€ThCs 3 HAJ3BMUYANHO CKIIAJHUX arperoBaHuX CTPYKTYp 3A€OLIBLIOrO 3 (hpakTaaIbHOIO
Mopoorieto. [Ipencrasieni B [6-7] MikpoMopdoJIOTiuHI JOCTIPKEHHS MOKa3yl0Th, 1110 MiXk(pa3Ha
MepexigHa 30Ha IUX CTPYKTYP € TOCUTh MOPHUCTOIO 1 BBAKAETHCS HACTIAOIIO 001acTIO, B AKiH Mij
yac CTPYKTYpOYTBOPEHHS MatTepialy YTBOPIOIOThCS pi3HI nedektu. [lpum npomy mia BIUIMBOM
MOCTIHHUX BHYTPILIHIX Hamnpy>keHb, MOB’A3aHUX 13 CTAHOBJIEHHAM MIKPOCTPYKTYPH KOMIIO3MTIB,
nedeKkTd MalTh 3JaTHICTh HPOPOCTAaTH HAa MDKKIACTEpHY MeEXY pO3AUly 1 Hajgaml CTPIMKO
PO3BHUBATHUCS HA CTUKY JBOX (a3.

B uunciaennux pobOoTax MaTepialo3HaBI[IB IOKa3aHO, IO OpraHO-MiHEpaibHI J00aBKH B
LIEMEHTHUX KOMIIO3MTaX MO3WTHUBHO BIUIMBAIOTH HA MPOLECH CTPYKTYPOYTBOPEHHS 1, BiJIOBITHO,
MOKPAIIyOTh OyMiBEIhbHO-TEXHIYHI W JE€KOpaTHUBHI BIACTHBOCTI OeToHy. I3 anamizy poOit B.IL
ConomatoBa, B.M. Buposoro Ta iH. [1-4, 8-9] BumnuBae, 1o 3a J0MOMOTOI0 MOBEPXHEBO-aKTHBHUX
YaCTOK HAIIOBHIOBAYiB MOKHA YIIPABJISITH HE JIUIIE KIHETUKOIO HA0OPY CTPYKTYPHOT MIITHOCTI, ajie i
OyZ0BOIO KamIAPHO-TIOPUCTOI CTPYKTYPU LIEMEHTHOTO KaMEHIO, IMiJBUIIYIOYH HOTo CTIHKICTH 10
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BIUIMBY KJIIMaTUYHUX HaBaHTaXeHb. [IpoTe € mpoTupivus 100 BIUIMBY SIKICHOTO W KUTBKICHOTO
CKJIay HarmoBHIOBauiB. Lle 00yMOBIEHO THM, 1110 MIKPOCTPYKTYpa IepeXiTHOi 30HU TICHO MOB’s3aHa
3 JUCHEPCHOI0 TMPHUPOJOI0 IIEMEHTHOI MaTpuili. BTiM reoMeTpuyHi mapaMeTpu 1 BMICT 3€peH
HAIOBHIOBAYiB O€3MepeyHo BiJirparoTh BaXJIMBY pPOJb Y CTPUMYBAaHHI HAKONMWYEHHS Ae(EKTiB i
PO3BHUTKY TPIIIMH Ha MDKKJIACTEPHUX TPAHUIISIX PO3ALTY MIKPOCTPYKTYPHU KOMIIO3UTY. 3a JaHUMU
[9-12], mixkuacTKOBI B3aeMOii 3epeH LEMEHTY 1 HalOBHIOBAYiB MOXKHA CYTTEBO MPHIIBHIIIUTH 32
paxyHOK BUKOPHUCTAaHHS €()EKTHBHUX BOJOPEAYKYHOYMX 100aBOK, H OTpUMATH MIKPOCTPYKTYpPY
0eTOHY OUTBII IIITBFHOK, APIOHOKPHUCTATIYHOIO, MIITHOO 1 3 OUIBIIOK IJIOMICI MPSIMHUX KOHTAKTIB
MK arperatamu. OmHaK 31 3pOCTaHHSAM CTPYKTYPHOT MIITHOCTI CTPIMKO ITiIBUIIYETHCS Uy TIUBICTD
O6eToHy 10 YTBOpeHHs AedekTiB Ha Bcix piBHAX. Toxx akTyanbHOCTI HaOyBae OaraTtopiBHEBE
JMCKPETHE apMyBaHHs HOro CTpyKTyp. B mocnimkeHHSX BITYM3HAHUX 1 3aKOPIOHHHUX BUEHHX
BcTaHoBJeHO [ 13-17], mo npu BBeAeHHI (iOpH pi3HOI IPUPOAX ¥ T€OMETPil MiBUILY€ETHCS B’ A3KICTh
pYHHYBaHHS 32 paXyHOK YINOBUIbHEHHS IPOLIECY YTBOPEHHs TpillMH a00 CTBOpEHHs Oap’epy s
HUX. AJlle TOpsSI 3 KOHCTPYKTUBHUM BIUTMBOM, MOXJIMBUH 1 NECTPYKTUBHUUM BIUIMB (iOpu Ha
(opMyBaHHS JUCIEPCHOI CTPYKTYpU OeTOHY. Y BUIAAKY, KOJIM '€OMETPUYHI IapaMeTpH, BMICT YU
PO3MOALT TUCKPETHUX BOJOKOH BUXOAATH 32 MEXI ONTUMYMY, TOAI MOXeE cmocrepiratucs ii
«TpyAKyBaHHS» (yTBOPIOIOTBCS (DiOpOBI KIacTepHi JIOKAJbHI MIACTPYKTYpH pi3HOT ¢GopMH B
3arajibHil CTPYKTYpl MaTepialy, 4MCIIO MPSIMUX KOHTAKTIiB (hiOpOBHMX MOHOBOJIOKOH 3 MAaTpPHILECIO
3Ha4YHO CKOPOUYYETHCS) 10 BCbOMY 00’€Mi a00 Ha OKpEMHX AUISHKAX CTPYKTypu KoMmmo3uty. Uepes
«rpyaKyBaHHs» (GiOpu B 00’€Mi Marepiaqy MOXYTh BUHUKATH 1 PO3BHBATUCS J1OJATKOBI 00’€MHI
nedopmartii, KOTpi IpU3BOAATH 0 MOSBU TPIIIKH, SIK B MIKPOOO’€Mi MOBEPXHI PO3AlTy, Tak 1 HA
rpauni po3airy. CBOEO 4eproro Orisa 300pakeHb KOHTAKTHHX 30H JUCKPETHOI apMaTypH i3
IIEMEHTHOIO MaTtpulieto, npeactaBieHux Maso J.C. B [18] mokasye, mo Bua i reomerpis ¢idpu
BIUIMBA€ Ha (opMyBaHH: MiXK(a3zHOi epexiaHoi 30HK B KoMmmno3uTax. Bentur A., Brant A.M., Chung
D.D.L., Katz A. Ta in. [13-14, 19-20] 3a3Ha4aroTh, 0 JJI1 OTPUMAHHS OLIBII CTIMKOTO MPY>KHOTO
3B’A3KY MK CKJIaJIOBUMM NEPEXiTHOI 30HM MIKPOCTPYKTYpH OETOHY HEOOXiJTHO BUKOPUCTOBYBATU
BHCOKOJMCIIEPCHI MOHOBOJIOKHA, KOTpi € TiApodiIbHUMH 1 J00pe JAHUCIEpryloThCs B
rtacTugikoBaHiii neMeHTHiN cymimi. [Ipu npomy 3aHanTO MilHUH 3B'I30K MaTpuii 3 GiOporo He €
Oa)kaHWM, OCKUTBKM 3MEHINYEThCS THYYKICTh W pEeXUM 11 pyldHyBaHHA. [l TOCATHEHHS
ONITUMAJILHOTO PO3IOALTY 1 IEBHOTO 34ETIJICHHS MIXK BCIMa YaCTKaMH [IEeMEHTHOI MaTpuIli (axiBIsIMU
PEKOMEHIYETBCS [Tl apMyBaHHS MIKPOCTPYKTYPH MPOEKTYBATH JIiHIMHI YyacTKu JoBxkuHOM lf < 10
MM Ta, SIKi 3a TONEPEYHUM IMEPEPi30M € CIIBPO3IMIPHUMH 13 CepellHIM JiaMeTpOM 3epeH LIEMEHTY U
HaIOBHIOBaYa. 3 OV Ha 1€ TIJI0MIA MOBEPXHI M TUI KOHTAKTY (DiOpH 3 TUCTIEPCHUMH YaCTKaMH €
BUpIIIATBHUMH (DakTopamMH, sKi 3abe3neuytoTh e(eKTHBHUH apMylouMii epeKkT y CTBOPEHHI
BHYTPIIIHBOTO CTIMKOrO 3B’SI3Ky MIX BCiMa arperaramMu Kommno3uTy. OpHak 4yepe3 CKJIaJHICTb
MPOIIECB TipaTallii IEeMEHTHOT'O B’ S)Ky40ro Ha ChOTO/IHI HE TTOBHOIO MipOIO PO3KPUTO CaM MEXaHi3M
ydacti ¢i6pu B (pi3uKO-MeXaHIYHMX Mpolecax CTPYKTYpPOYTBOPEHHsI OyAiBEJIbHUX KOMIIO3MTIB.
[IpencraBnsieTbess NOUITBHUM ONTUMI3yBaTH MPOLIEC YTBOPEHHS KIACTEPHUX CTPYKTYP 32 PaxyHOK
BUKOPHUCTAHHS PI3HOI 3a JOBXKMHOIO TiOpuaHOi AucKpeTHOi apMmatypu. Lle 103BonMMTH yUIIBHUTH
Mik(a3Hy IepexiHy 30HY, HOJIMIIUTH 3B’ A3KH MK CTPYKTYPHUMH arperaraMu, 3HU3UTH KUIbKICTb
nedeKTiB Mijl Yac CTAHOBJIEHHS CTPYKTYpPH MaTepially, a TPaHUISIM PO3JLTy OUIbII pPiBHOMIPHO
PO3MOAUIATH BHYTPIIIHI HANPY>XEHHS MK (pa3aMu KOMIIO3UTY M CTPUMYBATH pyX TPIIIMH B HUX M1
BIUIMBOM CHJIOBHX 1 HECHJIOBHX HaBaHTaXeHb. JlopeyHO BiIMITUTH, 110 TTONIEPETHHO MPOBEICHI HAMHU
JOCIIJKEHHS CTPYKTYpPHHX IapaMeTpiB IITUHIHOT i IeMEHTHOT cucTteM [21] 103BOIMIIN BCTAHOBUTH,
oo BBeAeHHA (iOpu OE3CYMHIBHO MPHU3BOAMTH 110 3MIHM (PI3UKO-MEXaHIYHUX IPOLIECIB
CTPYKTYPOYTBOPEHHSI B’ SKYUHX CUCTEM.

Meta po6oTH — TiABHIIEHHS €KCIUTyaTalliiHUX BIACTUBOCTEH JEKOPAaTUBHHX MarepiaiiB i
BUPOOIB 32 paxyHOK HAaNpaBJICHOTO BHKOPHCTAHHS CaMOBUIBHHMX MPOIECIB 0araToocepeakoBOrO
CTPYKTYpPOYTBOPEHHS, IIISTXOM IUIECIIPSIMOBAHOI 3MIHHU SKICHOTO 1 KUTBKICHOTO CKJIa/IiB TUCKPETHOT
apMaTypH.

Marepiajau Ta MeTOAMKA T0CTiAKeHb. /151 BceOIYHOTO BUBYEHHS 1 TIATBEPIYKCHHS aKTUBHOT
y4acTi JUCKPETHHUX BOJIOKOH B Opratizamii CTPYKTypu IHCIIEPCHO-apMOBAaHUX OyIiBEIbHUX
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KOMITO3HUTIB €KCIIEPUMEHTAIBHI JOCIIKEHHS MPOBOJAMINCS B JIEKUJIbKA €TaIliB Ha Pi3HUX (PI3UIHUX
MOJIEJIAX PI3HUX JUCIIEPCHUX CHUCTEM.

Ha nepwomy emani nns BiATBOpPEHHs MPOIECY OpraHizalii CTPYKTYpHHX arperaTiB Ha
MIKpPOpPIBHI IHEMEHTHOTO KOMIIO3UTY BHKOPHUCTOBYBANMCS Mojemi (i3WYHOT B3a€MOJIii 4YacTOK
nucriepcHoi a3y Ha MOBEpXHI MOJEII JUCTIEPCIHHOTO cepeoBuIa. J{ocmian MpoBOIUIUCS B YAl
[etpi. B mociimkeHHI NpUAHATO NECATh PI3HUX BHUIAIB (I3UYHUX MOJEJCH: MOJEINi JAUCHEPCHUX
3epeH a00 YacTOK Pi3HOI MPUPOU (TPH BUAM), MOJIEII TUCIIEPCHUX 1 JIIHIMHUX YacTOK (CiM BHIB).
[Tig gac BIATBOpPEHHSI MDKYACTKOBHX B3a€MOJIi BBEJICHO TakKi OOMEXKCHHS: JiaMeTp JUCIIEPCHHUX
3epeH 1 MOMEPEYHUN Tepepi3 JIHIMHUX YacTOK OJIM3BKI 3a pO3MIpOM; JIIHIHHI YacTKW Pi3HI 3a
JIOBXXMHOIO; KOHLIEHTPAIIisl YaCTOK JUCIEPCHOI (a3u B CHCTEMI Taka, 0 MK HUIMH BUHHKA€E CHJIA
nputsaranHs Fn; cuma 3B’s3Ky MK dYacTKaMu Oulblie cwid TsDKiHHS Fr; B3aemomiss 9yacTok
¢ikcyBaach KOXHY XBWIHHY NpoTsaroM 10 XB; yacTku aucriepcHoi (pa3u po3minanucs Ha TOBEpXHi
BOJIHOTO CEepEeJIOBHILA Y BUILHOMY HOPSAAKY. B poni aucnepcHUX 3epeH Mpu3HAYeHO MiHEpalibHI i
OpraHiuHi YacTKH, JTIHIHHIX YaCTOK BUCTYMAOTh TUCKPETHI MOHOBOJIOKHA ((hiOpa) pi3HOT TOBKUHH.
3aJIe’)KHO BiJ MPUPOJU YACTOK, BiJICTAaHEH MK YacTKaMH Ta CITIBBIITHOIICHb (POPM MHUCIIEPCHUX 1
JTHIMHUX YaCTOK B CHCTEMI pealli3y€eThcs ACKIIbKa MEXaHi3MIB YTBOPEHHS CTPYKTYPHHUX arperaris i
B3a€EMO/II MK HUMH. JIJ1s1 KUTBKICHOTO aHaITi3y, 4Yepe3 MPONACHHUH MUISIX KOXKHOT YaCTKH, 00UHCIICHO
CEepelIHIO IBHUIKICTh YTBOPEHHS KJIacTepiB (V, MM/XB).

Ha Opyeomy emani i OIIHKM CTYTIEHSI TUCIIEPCHOCTI AMCKPETHHX BOJIOKOH Ta aHAJI3y
KIHETUKM YTBOPEHHS KJIACTEPHUX MiJCTPYKTYp MIKPOCTPYKTYpU apMOBAHHX KOMIIO3UTIB
3aCTOCOBYBaNuCsA (i3U4HI MOJel B SDKyuyux cucTeM. JIOCHITKEHHS ~ MOJEIbHUX CHCTEM
IIPOBOIMIINCH Ha 3pa3kax-auckax po3mipom 100x10 mm (Dxh).

Jis BUBUEHHSI TPOIECY CTPYKTYPOYTBOPEHHS BUTOTOBISUIMCH CIM PI3HHUX 32 CKJIaJIOM
[VIMHSHO-BOJHUX KOMIIO3MIIM, cepell SKUX: OAMH CKJaJ — HeapMoBaHHil (#1), Tpu — apmoBaHi
¢idpoto onHiel noxkunu 3, 6, 12 MM (#2, #3, #4); Tpu — riOpuHO-apMoBaHi GiOpOrO pi3HOT TOBKUHU
B KOMOIHAI1 31 6 MM, 31 12 MM, 6 1 12 mm (#5, #6, #7). DikcoBaHMMH CKJIaJOBUMH B CKCIICPUMEHTI
Oy Bojo-TiuHsHE criBBinHomeHHs B/I'=0.5, nuckpeTrHa apmarypa BBOAMIUCH BiJl MACH TJIMHSIHOT
cymimri B 3aranbHid KibkocTi 0.06 %. 3pa3ku BUCyITyBauCh npu Temrepatypi 23+2 °C. Ilix gac
JOCIIJIKeHb CTPYKTYPHI OKa3HUKH INIMHSHUX CUCTEM BU3HAYAJIMCh Y Billl 3pa3KiB 7 JIHIB.

J111 HA0YHOTO MIATBEPHKEHHS Y9aCTi TUCKPETHUX BOJIOKOH B POIIECaX CTPYKTYPOYTBOPEHHS
BUTOTOBJISUTUCH JIB1 Pi3HI 32 CKJIAJIOM €MOKCH/IHI KOMITO3HIlii: 6a30Ba 6e3 ¢idpu (i mOpiBHIBHOT
OIIIHKH) Ta T10puaHO-apMoBaHa ¢iOporo AoBkKHOIO 3 1 12 MM, B kimbkocTi 0.06 % Bix 3aranpHOI
MacCH TOJTIMEPHOI KOMITO3HITi.

AHami3 pe3yabTatiB jgocaikenb. MexaHI3M CTPYKTYpOYTBOPEHHSI IIEMEHTHO-BOJHHX 1
MOJIIMEPBMIIIYIOUHX KOMIO3UIIi# Ha MOJIETFHUX CHCTEMaX, 3 BAKOPUCTAHHSIM 3€peH Pi3HOT MPUPOIU
# po3MipiB, AeTaTBbHO pO3MIIsIHYTO B psiti pobiT B.M. Buposoro, B.I'. Cyxanoa, O.0. Kopo6ko [2-4].
PesynpTat oTpuMaHi BYEHHUMH JO3BOJWIM AIMTH BUCHOBKY, IO IOYAaTKOBAa CaMoOOpraHizallis
MIKPOCTPYKTYPH KOMIIO3MTIB HAmpsiMy 3aJIeXHThb BiJl SKICHOTO W KUIBKICHOTO CKJaliB 3€peH
nucriepcHoi a3y 1 TPUHHATHX METOIB akTHBaIlii. 31 cBoro OOKy NPOBEICHI €KCIEPHUMEHTAIbHI
cnioctepeskerns (1-u eman docnioscensy) 3a nepedIroM MIXUYACTKOBHX B3a€MOJIIN, PI3HUX CKIIAJIB
3epeH, Ha TMOBEPXHI MoOelied BOAHOTO CEpelOBHUINA MIWCHO MiATBEPIKYIOTh, IO B MEPBUHHO
HEYTIOPSAIKOBAHUX JUCIIEPCHUX CUCTEMAX, 3aJIEKHO Bl MIPUPOIH 3epeH TUCTIEPCHOT (a3H i BiCTaHi
MK HAMH 32 OJTHAKOBHH BITMHOK 4Yacy, YTBOPIOETHCS pi3HA KUIBKICTh CTPYKTYPHHUX arperaris,
BIIMIHHUX 32 KUIBKICTIO YaCTOK 1 pO3MipamH.

Jl71s onucy Ta HAOYHOTO CIIOCTEPEKEHHS 3a MPOLECOM YTBOPEHHS KIACTEPHUX MIACTPYKTYP Y
MO€HAHHI 13 JIIHIHHIMH 9acTKaMH Ha puc. | MpOAEeMOHCTPOBAHO MBI 13 CEMH, PI3HUX 3a CKJIAJJOM
Y4acTOK, MOJICIbHUX CUCTEM B3a€MOJIii AUCIIEPCHUX 3€peH 1 MOHOBOJOKOH. [IpeacTaBneHi B poOoTi
B CIIPOIICHOMY BHI (Di3MYHI MOJIEINI HAJJAIOTh 3MOTY PEaJIbHO 3PO3YMITH SIK IEPBUHHO CTBOPIOIOTHCS
KJIACTEPHI MIACTPYKTYPH B’SHKYUUX CHUCTEM, apMoBaHuX (iOporo. Ha moBepxHi MOAENBEHUX CUCTEM
BUIUICHO MUISHKH 3 YacTkamu pgucrnepcHoi ¢asum (to = 0 xB), korpi BopomoBk 10 xB
CaMOOPTraHi30BYIOTECS y OJIOKH pi3HOI popmu «4-D» 1 «A4-F» (t10, puc. 1, a ta 6). 3anexHO Bix
XIMIKO-MIHEpaJIOT14HOTO CKIaAy TUCIEPCHUX YaCTOK [EMEHTY 1 HAllOBHIOBAYiB, a TAKOXK B3a€MOJI11
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Puc. 1. MonentoBaHHs poliecy caMooprasizanii CTpyKTYpHHX arperaris BIpoaoBx 10 xB:
MiHEpAIBHUX (a) ¥ opra”iyHux 3epeH (0) 3 THIAHUMHI YaCcTKaMHU

JHIAHAX 9aCTOK 3 BOJIOIO, 30MpaHHS KJIacTepiB 0e3 MPUKIAIaHHs 30BHINIHIX CHII BiIOYBa€ThCS B
neBHOMY mopsAKy. OJHI ITUCHEepCHI YacTKU MOXYTh IOKPHBATH IOBEPXHI MOHOBOJIOKOH 13 BCIX
CTOpIH, 1HIIN — JIAIIE ACsKi JIISTHKA iX moBepxHi. KpiM 1mboro, 3 OISy Ha SKICHI XapaKTepUCTHKU
Ta KUIbKICHUH CKJIaJ 3€peH 1 JIIHIHUX YacTOK, apMOBaHa JUCIIEPCHA CHCTEMa Yepe3 T10 CKIIAAA€ThCs
13 CTPYKTYpHHUX arperaTiB OUTBIN PI3HOMAHITHHX 32 CKJIAJIOM, PO3MipaMu it OyI0BOIO Y TIOPIBHSHHI 3
HeapMoBaHO1. CriouaTky (opMyrOThCs KIacTepy Malll 3a po3MipoM, a Haaajdl 00’ €IHYIUNUCh MIXK
COOO00 CTBOPIOIOTHCS arperatu OUTBIINX po3MipiB, Hampukiad, «C» i «Dy» (tio, puc. 1, a). Pazom 3
IIMM TIOMiY€HO, [0 TEePBHUHHI KJIACTEpH Tepe]] 3UCTICHHAM 3/iHICHIOIOTh B3a€EMHHI TTOBOPOT OJUH
BITHOCHO OJIHOTO, HAMAralo4uch TAKMM YMHOM KOHTAKTYBATH JIIISHKaAMM MOBEPXHI YaCTOK OHI€l
npuponu. Ha momaTok exeMeHTH OfHOTO KiacTepy 37aTHi J0O0pe KOMITOHYBATHCS 3 €IeMEHTaMH
HIIOTO arperary, BIPOBAXKYIOUHCh MK c000i0. B cuctemi yTBOPIOIOTbCS KiacTepu pi3Hi 3a
00’eMOM ¥ TIPOTSKHICTIO, OJHAKOBI 3a IUIONIICIO IOBEPXHI YacTOK. BomHOYAac BHUSBIEHO, IO
IpyIyBaHHs YaCTOK B arperat He 3aBKIH MPOTIKA€e 3a MPaBUIOM Majoi BiIcTaHl Mk HUMU. JIiHiHH1
YacTKH, SK 1 JMCIEPCHI 3epHa CIPOMOXKHI «pO3Mi3HAaBaTW» CTaH IOBEpPXHI OJHA OJHOI Ta
nepemimarucs 10 cobi noaiOHux. [1o Mipi TOro SK 3HMKYETHCS KOHILIEHTpAIliS 3epeH B CHUCTEMI,
¢16pa (0cobnMBO OLIBIIOT AOBKUHHU) MOXE KOMIIOHYBAaTHCS MK CO0OI0 Yepe3 aKTHBHI IIEHTPU
TOPLEBUX YaCTHH, CTBOPIOIOYM TaKMM UYWHOM JMCKPETHI JiHIMHI arperaTH. 31e0UIbIIOTO 1€
CIIOCTEPIraeThCsl Ha MOJIENBHUX CUCTEMAX 13 MPUCYTHICTIO opraHiyHux 3epeH (O3). [Ipuuomy O3
BUHSTKOBO KOHTAKTYIOTb 13 (hiOporo uepes nonepeyHui 3pis3 i cTopid (puc. 1, 6) i MOXKYTb CIIyTyBaTu
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JaHKO TpHu (OpMYyBaHHI BHJIOBKEHOTO KiacTepa, HAMPUKIAJ, TMEPKOJAiIHHOr0. Y Tmpoleci
JOCIIJKEHHS. TeX 3a(iKCOBaHO, 10 MPU KIAcTep-KJIACTEPHIM B3aeMOJIii MOMXIIMBUIN MEePepO3MOILT
arperartiB Mix co0oro (t10, puc. 1, 6). BTiM i3 mpUCYTHICTIO MiHEpadbHUX 3€PEH B IMCICPCHIN
cucTeMi, JIiHIIHI KJIacTepH 3aTHI MOTOBILIYBATUCH, 301IbIIYIOUUCH B 00’ €Mi. CBOEIO Ueproro aHami3
MOJICITBHUX CHCTEM MI)KYaCTKOBHX B3a€MO/IiH Ha puc. la, 1 BIATIOBIAHUX HUM, JT03BOJIUB BCTAHOBUTH,
10 JUCKPETHI BOJIOKHA MOXYTh BUCTYNATH AaKTHMBHHUM OCEpPEJKOM HABKOJIO MOBEPXHI SKHX
IpyNylOThcsl MiHepaiibHI 3epHa. OpraHizoBYIOThCsl OUIbII 00’€MHI ¥ OJHOPIAHI 3a MOYATKOBUM
CKJIaJIOM YaCTOK CTPYKTYpHI arperaTu, HanpuKiaz, ¢ppaxkraiabhi. Jlo Toro x ¢idpa B ynopsiKoBaHUX
KJIacTepax MOXKE OPIEHTYBATHCS Yepe3 3epHa CUMETPUYHO CTOCOBHO ceOe abo Mmija pi3HUM KyTOM,
SAKHH 30KpeMa, MOXKYTh TEX 3aJjaBaTy JUCIIEPCHI YACTKH IPU 3MiHI CBOTO MOJOXEHHS B arperarax.
[Ipu npoMy MIBHAKICTH CaMOOpPIaHi3allii KIaCTePHUX MIJICTPYKTYP B CTPYKTYpl CUCTEMHU 3aJI€KUTh
BiJl KUIBKICHOTO CKJIaay 3€peH 1 BOJIOKOH. B Tabn. 1 uepe3 mpoiieHuil nuisx KOXKHOI 4acTKU
BrpoAoBxk 10 XB BU3HAYEHO CEpEIHIO MIBHIKICTh CTPYKTypyBaHHs Kiactepi (puc. 1). [IpoBeneni
JOCIIJDKEHHSI TMEPEeKOHYIOTh, IO JIHIMHI YacTKU HE JIMIIe MOXYTh 3MIHIOBaTH BJIACTUBOCTI

Tabmurs 1 — Cepenans MBHIKICTD (V, MM/XB) YIIOPSIKOBYBaHHS YaCTOK B arperarax MpoTsATOM T10

Howmep Ilo3HaueHHs Kiacrepy

PHACYHKY «A» «By» «C» «D» «E» «F» «G» «H»
Puc. la 3.66 5.20 3.50 5.41 - - - -
Puc. 16 3.20 2.42 2.82 3.72 2.01 3.11 1.73 2.82

MDK(a3HOi epexiHo1 30HHU, aje i, OpaTH aKTHBHY y4acTh Y CTBOPEHHI TUCKPETHUX CTPYKTYP Pi3HOI
reoMeTpii ¥ CKJIaay, 3MIHIOIOUHA TaKUM YHHOM TEpiou HAOOPy CTPYKTYPHOI MIITHOCTI JUCTIEPCHOT
CHCTEMH.

B po60Ti 10/1aTKOBO ITpOaHAII30BAaHO MEXaHi3M IIPOLIeCY YTBOPEHHS KJIacTepiB pi3HOI popmu.
[ling yac HarmsAaHHSA 32 PyXOM 3€pPeH 1 MOHOBOJIOKOH KOTpPi 3HAXOIATHCS IiJ] MEePMAaHEHTHUM
BIUTMBOM CHJIOBOTO TIOJISI, BUSIBIICHO, 1[0 YACTKH MPH MEPEMIIIEHHI Y TIPOCTOPI MOCTIHHO 3MiHIOIOThH
CBOE€ TIOJIOKEHHS. SIK pUKIIaI, Ha pUc. 2 TTOKa3aHo, K MOCIII0BHO CAMOOPTaHI30BYIOThCS YaCTKU B

Puc. 2. Tloeramuuii pyX 94acCTOK pi3HOT TeoMeTpii mpu BUOIPKOBIHM iX B3aeMO/I1i
3 YTBOPEHHSM KJIaCTepiB Pi3HOI MPOTSHKHOCTI
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YTBOPEHHS 1 POCTY arperariB pi3HOI NPHUPOAM 3AJICKUTH BiJ] TE€OMETPii TUCKPETHUX YACTOK Ta iX
crniBBigHOIIEHHS. Kractepy MOXyTbh yTBOPIOBAaTHCS B PE3yJIbTaTi CHUHXPOHHOTO MpPUEAHAHHS 3
MPUCKOPEHHSIM 3epeH A0 (iOpu, 1 HaBmaku. OJHAK JUCHIEPCHI ¥ JIIHIMHI YaCTKM Ha TOBEPXHI
JMCTIEPCIHHOTO CePEeOBHUIIIA PYXAIOThCA 13 PI3HOIO IIBUAKICTIO 1 IO PI3HUM TPAEKTOPISAM, CKIaTHUX
3a BHIOM, 3MIHIOIOYM Hapasi IIOJIOKEHHS Ta BEJIMYMHY KyTa IIOYaTKOBOTO IIPOCTOPOBOTO
opieHTyBaHHA (70). CniJ 3ayBa)KUTH, 110 IIBUAKICTH PYXY BCIX YAaCTOK CTPIMKO Majae Mmicis ix
00’€THaHHS YM TPUETHAHHS 10 IEPBUHHO YTBOPEHUX arperaris (T10, puc. 1). Hagani BinOyBaeTbes
MeperpymnyBaHHs YacTOK, B pe3yJbTaTi 4Y0oro (GopMyrOThCS CTPYKTYpHI arperaTd 3 OuIbII
KOMITAKTHUM PO3TAIlyBAHHSM iX CKJIaJIOBHX 1 MOKPALICHOIO CHJIOI0 3UETNICHHS MK HUMHU.

3nificHeHU# aHaIi3 MOJCJICH MIXKYaCTKOBHX B3a€MOJIN Ja€ MiJCTaBH 3POOUTH MPOMIKHHI
BHCHOBOK, III0 HAIIOBHEHHS KJIACTEPHUX CTPYKTYpP AMCKPETHOIO apMaTyporo 301IbIIy€e CTPYKTYpHE
PI3HOMAHITTS CHCTEMH. 3aJ€KHO BiJl CHIBBIAHOUIEHHS JIHIMHUX YacTOK 1 JWCIEPCHHX 3€peH
YTBOPIOIOTBCS KJIACTEPHI MiACTPYKTYpPH PI3HOI HMPUPOAM, AKi BIAPI3HAIOTHCS MEpiolaMd CBOTO
(dbopMyBaHHS 1 BIacTUBOCTAMU. Ha Haly 1yMKy, pi3HOMaHITHICTb TaKUX HIACTPYKTYP HA MIKPOPiBHI
0ETOHY MO3BOJHTH MONIMNIIMUTA CTPYKTYypHI MapaMeTpu B’spKydidl cuctemi. s miaTBepIuKeHHs
3po0JIEeHUX 3aKJII0UYEHb MPOMOHYETHCA HA Yaci MPOBECTH aHAJI3 pe3ysbTaTiB JIOCIIHKEHb 3Pa3KiB-
TMCKIB TTIMHK (pucC. 3), apMOBaHUX TiIpOo(UIBHOI0 JUCKPETHOI apmaryporo. [IpoBeneni mociinn
MOKa3aJH, 10 MPOLEC CTPYKTYPOYTBOPEHHS TIIMHSHHUX KOMIIO3UIH y MOBITPSHO-CYXHX YMOBax
CYIIPOBOJIKYEThCS 3HAUHUMH YCAaJOYHUMHU JeopMalisiMi, SKi MPU3BOJATH JO IMOSIBU B 00’ €Mi
MaTepiaiy TPIlIMH 1 BHYTPIIIHIX MOBEPXOHb PO3ALTY, 3MIHH PO3MIpIB i 00’€My 3pa3KiB.

Puc. 3. 3pa3ku pi3HHUX CKJIaJliB MNIMHIHUX KOMIO3uIIii: 6e3 (hidpu (a); apmoBaHi ¢idporo
oBX)UHOIO 3 MM (0); 6 MM (B); 12 MM (T); 316 MM (); 31 12 MM (e); 61 12 mm (€)

KinpkicHOIO Mipo0 MPOSBY yCaJOYHMX SIBUIN MPU BUCHUXAHHI 3pa3KiB IIMHU € BEIMYHMHA iX
ycaaku Ta 00’eMHOT MacHu. BigHOCHY MOBITpSHY ycaaky (€sy, %) 0OUYHMCIIIOBAIN 32 3MIHOIO TUIOII
MOBEPXHI 3pa3KiB-IHUCKiB sy = (So—S1)/So. AHaIi3 pe3ynbTaTiB KpUTEPIlB MOKA3aB, 110 HEAPMOBAHHI
cknan (puc. 4 1 5) xapakTepu3y€eThCsl HAMOITBIIOK 3MiHOI0 00’ eMHOT MacH (Ha 34.6 %) 1 BETUYHHOIO
ycaaku (22.4 %). BogHoyac HaliMeHIIIl 3HaY€HHS 1IMX MMOKAa3HUKIB MAIOTh CKJIaJy TJMHH apMOBaHi
¢i6poro momxkuHOIO 3 1 12 MM. Bisyamizaniss KIHETHYHUX KpUBHX 00’€MHOI mMacu B 4aci (puc. 4)
JIEMOHCTPYE, 1[0 MOJEI CTPYKTYp AUCKPETHO-apMOBAHUX KOMIO3HIINA #3, #5 1 #7 3HaX0nAThCA B
OUTBII HANPY’KEHOMY CTaHI B MPOIECi BUCHXAHHS BHACHIJOK OLTBIINX IMEPENaaiB BOJIOTOBMICTY
npotsirom 3 ai0. OHak, BCynepey LbOMY CKJIaJ1 XapaKTepHU3YIOThCS MEHIIOK MOIIKOIKEHICTIO (Ha
< 33.5 %) mopiBHIHO 3 HeapMOBaHUM ckiagoM #1 (puc. 5). B poOOTi MOMIKOIKEHICTh TIIHHIHUX
KOMITO3HITi BU3HAUEHA 4epe3 KoedilieHT nomkopkeHocti Kp [22], K CIiBBIIHOMICHHS CyMapHOT

Modern construction and architecture, 2024, no. 10, page 69-81

75



76

BUILDING MATERIALS AND TECHNIQUES
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CKJIAJIV TJUHSHUX KOMITO3UII N
Puc. 5. Anani3 3MiHu ycaaku (&m) 1 mommkomkeHocTi (Kp) TIuHSHUX 3pa3kiB y Bimi 7 1i0

MPOTSDKHOCTI TPIIIUH 1 BHYTPIIIHIX MOBEPXOHB PO3/iTY 10 (hiKCOBAHOI IUIOIII MTOBEPXHI 3pa3Ka (Ha
puc. 3,a, IK MPUKIaJ, IO MOBEPXHi /It o0unciaeHHs Kp mo3HaueHa MTPUX0oBOIo JiHi€r0). J[o Toro
K Ha JTUIOBII MOBEPXHI KOMITO3UIIIT CKIIaAy #5, IKU MOKa3aB JENI0 OUbITY BETUYHHY YCATKHU Ep.y
MOPIBHSHO 3 IHIIMMHA apMOBAaHUMH CKJIaJIaMH TJIMHH, HE CTIOCTEPITAETHCS YTBOPEHHS MaKPOTPIIIIHH.
OTxe, MOXXHa CTBEP/IKYBaTH, IO TUCKPETHI CKJIOBOJIOKHA 3/1aTHI MPOTUCTOATH BHYTPILIHIM
HaMpyXEHHSIM LUISIXOM MepPepo3IOoALTy BEIUUYHUH YCaJouHuX AedopMaliil 3a nepeTuHoM (puc. 3) i
0 MOBEPXHI 3pa3kiB (puc. 6) AucrepcHoi cucreMu. B HaiOinbmmii Mipi Ha 3HMkeHHs Kp BIuinBae
MPUCYTHICTh PiOpu NOBXKHHOIO 3 MM (ckiamu #2, #5 1 #6). JlonaTKoBO OLIHIOBABCS KOE()IIIEHT
qyTauBocTI Ky MIHHSIHUX CUCTEM J0 BUCUXaHHS (a0o TpimmHocTiiikicTs) [23]. [TokazHuk 3a 3.A.
HocoBoro pospaxoBanuii uepe3 o0’eM 1 Macy BoJIOTHX (BiA(OpMOBaHMX) 1 BUCYIIEHUX Hadaul
BIIPOJIOBXK 7 IHIB THX € 3pa3KiB TIUHHU. AHAJ3 YUCENbHUX 3HaueHb Kuy BKazye, M0 MEHII
YYTIMBUMH IO BUIYUYEHHS BOJIOTH € CKJIAJU B SIKUX MPHUCYTHE TUCKPETHE CKIOBOJIOKHO. 3HAUCHHS
noka3HMKa OuTbII HIX Ha 17.4 % Hwkuuil 3a HeapmoBaHuii ckian #1. Ha minctaBi mpoBeneHOro
JOCTIIPKEHHS JIOTIYHO MPUITYCTUTH, IO CTPYKTYpa apMOBAHMX TJIMHSHUX KOMIIO3ULINA MPOHH3aHA
TOHIIOIO KaIJSIPHOIO CITKOIO, SIKa YCKJIQJHIOE MEPEMIIICHHSI BOJIOTH 13 BHYTPIIIHBOI YaCTHHU JO
nepudepiiHoi ¥ TOBEpPXHI 3pa3KiB-TUCKIB A dYac iX BucuxaHHsi. Ha mouarkoBomy erarmi
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Puc. 6. Tpiumay 1 BHYTPILIHI TOBEPXHI PO3UTY IIIMHAHUX 3pa3KiB: 6e3 GiOpu (a); apMoBaHi
¢bi6poro noBxkuHOI0 3 MM (0); 6 MM (B); 12 MM (T); 316 Mm (11); 31 12 MM (e); 61 12 mm (€)

CTaHOBJICHHSI CTPYKTypu B’sKydoro 3 (iOpo0 yTBOPIOIOTHCA KIIACTEPHI MIACTPYKTYpH 13
LIUIBHIIIOK YNAaKOBKOK BHUCOKOIMCIIEPCHUX YAacTOK INIMHU Ta 3 MOJIMIIEHUMM aJre3iiHo-
KOTe31MHUMHU 3B’ sI3KaMH M1k arperatamu. BisyanbHui 1 KIIbKICHUHN aHasi3 IpOsBICHUX J1e(DEeKTIiB Ha
JMIBOBIN TOBEpXHI 3pa3KiB-AMCKIB MiITBEPUKYE, 10 Cc(HOPMOBAHI CTPYKTYpHI OJOKHM € Aemo
OuTpbIIMMH 32 po3MipoMm (puc. 6, 6 Ta €), a IHTeTpajgbHa CTPYKTypa KOMIIO3HIIH 13 (iOporo
XapaKTepu3ylThcs MEHIIO momkomkeHicTio Ko (puc. 5). Ilpore, sk BioMoO, MOKpaIleHHS
(yHKIIOHAJIbHUX BJIACTUBOCTEH apMOBAaHUX KOMITO3UTIB 3HAYHOKO MIPOIO 3aJIEKHUTh BiJl CTYIEHS
posnoainy (abo AMCHEepCHOCTI) AMCKPETHOI apMarypu B 00’eMmi Marepiany. Ha nam mormsm,
po3rantyBaHHs AedEKTIB Ha MOBEPXHI TTUHSIHUX CHUCTEM TMOBHHHE X04a 0 mMoOivHO BigoOpakaTth —
YM 3/1aTHI JIHIIHI YaCTKMU J0 PIBHOMIPHOTO PO3MOAiay 00’eMHUX Aedopmaliil i qucrnepryBaHHs B
CTPYKTYpi KOMIO3UTIB. 3 puc. 6, 6-€ BUIHO, 1110 JJ1s1 €PEKTUBHOTO apMyBaHHS CTPYKTYPH B’ SDKYUHX
CHCTEM HEeOoOX1HO BPaxOBYBaTH HeE JIMIIE CIIBPO3MIPHICTD 3a JiaMEeTPOM YacTOK JucHepcHOi (asu,
ase i ToBXXHUHY JiHIMHUX yacToK. Hali611b111 OAHOPIIHUMU 32 CTYIIEHEM AUCTIEPCHOCTI MOHOBOJIOKOH
€ cKIaau TIMHU apMmoBaHi (iGporo moBxkuHamu 3 1 12 mm. Kpim Toro, mi kommosumii
XapaKTepU3YIOThCS ONTUMAILHIMHA PiBHSMH BIACTUBOCTEH. Y 3B 53Ky 3 UM B POOOTI PO3TIISTHYTO
KOPEJIIMHUN 3B'SI30K MK CTPYKTYPHHUMH NapamMeTpaMH TJIMHAHUX cucTeM. Yepe3 KoedilieHT
KOpEJISIiiii I, BCTAHOBIICHO TiCHUH B3a€MO03B's130k Mixk kputepismu F{Ku:esy}=0.85, r{Ku:pr:} =-0.86,
r{Ku:Kp} =0.73, 1o miarBep/Kye nNpaBaIuBicTh OTPUMAHUX PE3yJIbTATIB.

OTtpumani pe3yabTaTi Ha (QiI3UIHUX MOJEISIX TIMHU JI03BOJIMIIA TIEPEKOHATHUCS, 10 IUCKPETHI
MOHOBOJIOKHA 3/IaTHI aKTUBHO OpaTH y4acTh B OpraHi3allii CTpyKTypHHX arperariB pi3HOT IPUPOIH.
3miiicHeHW aHami3 BIACTHUBOCTEH PI3HUX CKJIQAIB TIUHSHOI KOMIIO3MINI JIOBOJWUTH, IO
PI3HOMAHITHICTh KJIACTEPHUX MiACTPYKTYP HAJA€ MOKJIUBICTH MOJIIIIUTH CTPYKTYPHI IMapaMeTpu
B sOKy4ilt cuctemi. JloCHiPKeHHS JHUCIIEPCHUX CHCTEM TIOKAa3aJM, IO BEIUYHHA 00’ €MHHX
nedopmaliiif BU3HaYa€ThCS MOYATKOBUM CKJIAZIOM INIMHU. B Hamomy BUMaaKy — 1€ SIKICHUM CKJIaJJOM
JIHIAHUX YaCTOK Pi3HOI JOBKHUHU CTOCOBHO HEApPMOBAHOTO CKJIaay TNIMHU. Bukopuctanus ¢iopu
ONTUMAJIbHOI T€OMETpii B IIIMHAHUX KOMIIO3UIISAX 3a0e3nedye OTPUMAHHS CTPYKTYp 31 3HaYHO
MEHIIIOI0 KITBKICTIO Je(eKTiB (MiATBEPIKYETHCS KOE(DIi€HTOM MOUIKOHKEHOCTI, BEIHMYUHOIO
YyCaaKu TOIIO). 3 OISy Ha OTpPUMAaHi pe3yiabTaTh MOXHA BBaXKaTH, IO XapakTep pPO3MOILTY
nedopMariiii B CTpyKTypi MaTepiaay € pi3HHM.
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Jlns HECTIPOCTOBHOTO JIOKa3y TOTO, IO JIHIWHI YacTKU CIPOMOXKHI JO CHPUHHATTSA 1
nepepo3noainy nedopmaliiid, Ha TPUKIATI BUTOTOBICHUX (QI3MUHUX MOJEIEH PO3TISTHYTO PO3MOMALT
3IMIIKOBUX TEXHOJIOTIYHUX HANpPYX)eHb (nedopmariiii) B ONTUYHO-IyTIIMBOMY ToJiiMepi. B poGoTi
710 3QJIMIIKOBUX BiTHECEHO TakKi AedopMallii, sKi BUHUKIIM i PO3BUBAIMCS Ha PiBHI 3pa3Ka-JnucKa i
yac peakilii MOJIIKOHJCHCAINT Ta OTBEPAIHHS EMOKCHIHOTO KOMIIO3UTY. 3aCTOCYBaHHS ONTHYHO-
MIPO30pOro MOJIIMEPY MTO3BOJSIE OLIHUTH HANpyKeHO-Ae(OPMOBAaHMM CTaH 3pa3ka JAUCKPETHO-
apMOBAHOTO KOMITO3HUTY. Po3mosinenus nedopmariiii abo HasBHICTh TEXHOJIOTIYHUX HAMPYKEHb B
CTPYKTYpl MoOJieiell BUSIBJIEHO METOJOM (DOTOMPYKHOCTI MiJ 4ac MPOCBIUYyBaHHS 3pa3KiB-IUCKIB
(puc. 7) nonsipuzoBanuM cBiTiioM [24]. [Ipu oMy, iHTepdhepeHIliliHI KAPTUHU CBITIIOBUX XBUJIb (200
KapTHHU CMYT Yd 130XpOM), 1[0 BHXOJATH 13 JOCIIJKYBAaHMX 3pa3KiB KOMIIO3UTY, OTPHMaHi 3a
JIOTTIOMOT 00 (POTOIIPUCTPOIO TIPH OJJHAKOBUX KyTaX HaXWITy 1 BIICTAHSAX PO3TAllyBaHHS MMOJISIPOia i
aHajizaTopa MiX co0010, Ta BiATIOBIAHO 3pa3Ka MiXK HUMHU.

3pa3oK

MOJSIPOIITH

Puc. 7. XapakTep po3noainy 3aIUIIKOBUX AedopMalliil B CTPYKTypi HeapMOBaHOT (a)
Ta apMoBaHoi (iOporo (0) mosiMEepHUX CUCTEM

BisyanbHuii anaii3 kKapTHH cMYT (puc. 7) IBOX MOJIENIel IEMOHCTPYE, 1110 HEApMOBAHUH CKIIA/
MOPIBHSIHO 3 apMOBAHHUM XapaKTEPU3Y€ETHCS CNI0 OUTBIINM TpaJieHTOM HEPIBHOMIPHOCTI MOJIB
Hanpy>keHb B 00’ e€Mi KoMIo3uTy. [Ipy TOMy GapBUCTI CMyTH iIHTEHCUBHHUX HANPy>K€Hb MAaKCUMAIIbHO
MIPOSBIISAIOTHCS B TIOBEPXHEBUX IIapax mMaTepiaiy, Ha TpaHsIX M0 MepuMeTpy 3paszka 6e3 ¢piopu (puc.
7, a). Uepes 11e MOXHA BBa)KaTH, 110 nepudepiiiHi mapu HeapMOBaHOTO 3pa3Ka MaTepiaiy € HalHOLIbII
HiAJATIMBUMU JI0 TTOYAaTKOBOI'O YTBOPEHHS B HUX Je(ekTiB. CBOEI Yeproro He030pOEHUM OKOM
BUJIHO, IIO0 B CTPYKTYpi IMCKPETHO-apMOBAHOTO 3pa3ka (puc. 7, 0) CHoOCTepiraeTbCcst BiTHOCHO
OJIHOpIJTHA KapTHHA MEPEepO3MOIITICHHs 3aIUIIKOBUX TMOMIB HampykeHb. HasBHicTh (iOpH 3MmiHIOE
XapakTep po3noAlTy 00’eMHHMX Aedopmariiii, 1110 BHHHMKAIOTh NPH TBEPIiHHI 3B’S3yH0UOro, Ta
3abe3mnedye yepe3 XOpoIlry JUCIEPCHICTh B CTPYKTYPl KOMIIO3UTY OUTHIIT PIBHOMIPHE PO3CIFOBaHHS
BHYTPIIIHBOI €Heprii B’spKydoi CUCTeMH B 00°€Mi 3paska, 3alo0iraloyi THM CaMHUM IepeTdacHOMY
YTBOPEHHIO TeXHOJOTTYHUX JedekTiB. Lle maTBepaKye 31aTHICTh JUCKPETHUX BOJIOKOH MpUIIMaTH
y4acTh B MIPOIECAX CTPYKTYPOYTBOPEHHS Oy1iBEIbHUX KOMITO3HTIB.

BucnoBok. 3actocyBaHHS PI3HUX (I3UYHHX MOJEIEH TUCIIEPCHUX CHUCTEM JIO3BOJIUJIO
MoKa3aTH aKTUBHY y4yacTb JMCKPETHOI apMaTypH B IpOIecax CTPYKTYPOYTBOPEHHS AMCIEPCHUX
KOMITO3UTIB. HamoBHEHHsSI KJIAacTepHUX CTPYKTYyp JIHIHHUMHU 4YacTKaMH 30UIbLIyE CTPYKTypHE
PI3HOMAHITTS TUCIIEPCHOI CUCTEMHU. AHali3 BIACTUBOCTEH PI3HUX CKJIA/iB apMOBAaHOI KOMIO3MIIIT
JIOBOJIUTD, 1110 PI3HOMAHITHICTh KJIACTEPHUX MIACTPYKTYP HAJAA€ MOXKIIMBICTD MOMIMIIUTH CTPYKTYPHI
napameTpu B’sDKydiil cucteMi. Buxopucranus ¢iOpu meBHOI reomertpii 3abesnedye OTpUMAaHHS
CTPYKTYp KOMIIO3UTIB 13 MEHIIOI KIIBKICTIO ne(eKTiB, amke JIHIHHI YaCTKU CIPOMOXKHI 0
CIpUHHATTA 1 mepepo3noainy o0’emHux nedopmauniidi. B HacTymHiil myOmikamii rutaHyeTbcs
NPEJCTAaBUTH aHaNi3 EKCIEPUMEHTAIbHUX JOCHIIKEHb BIACTUBOCTEH IIEMEHTHOIO KaMEHIo,
HAMOBHEHOT'O OPraHO-MiHEPATLHUMU T00aBKaMU Pi3HOT IPUPOIH.
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Abstract. The article proposes to consider decorative materials and products in the form of
open difficult organized systems that interact with the environment permanently and react to the
totality of external influences. It is proposed to apply a multi-level discrete reinforcement of material
structures of products in order to maintain functional properties at a given level. Discrete
reinforcement as an initial component is able to participate in the processes of structure formation at
all levels of structural heterogeneity of decorative composite. A mechanism of microstructure
organization of dispersed-reinforced material was studied on various models of different dispersed
systems. Experimental studies were conducted in several stages. At the first stage, models of physical
interaction of particles of dispersed phase on the surface of the dispersion model were used. At the
second stage, physical models of clay-water and polymer-containing systems were used to assess the
degree of fiber dispersion and analyze the kinetics of cluster substructures formation of a
microstructure of reinforced composites.

The analysis of models of interparticle interactions made it possible to identify that a filling of
cluster structures with discrete reinforcement increases a structural diversity of the system. Cluster
substructures of different nature are formed depending on the ratio of linear particles and dispersed
grains. Analysis of the properties of different compositions of the clay composition proves that the
diversity of cluster substructures provides an opportunity to improve structural parameters of the
dispersed system. Studies have shown that a value of volumetric deformations is determined by the
initial composition of the clay. The use of fiber of an optimal geometry in the compositions provides
structures with significantly fewer defects. The distribution of residual stresses and deformations in
an optically sensitive polymer is considered on the example of manufactured physical models,
providing an irrefutable proof that linear particles are capable of perception and redistribution of
deformations. Visual analysis isochrome of polymer samples demonstrated that the presence of fiber
in the composite changes the nature of distribution of volumetric deformations.

Keywords: decorative composite, structure, fiber, dispersed system, cluster, deformations.
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THE EFFECT OF PARTIAL REPLACEMENT OF CEMENT WITH FLY ASH
ON THE STRENGTH OF CONCRETE FOR TRANSPORTATION STRUCTURES
AND ROAD PAVEMENTS
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Abstract. The effect of replacing part of the cement with fly ash on the strength of concrete
for transportation structures and road pavements has been determined.

Portland cement CEM 1I/A-S 500, crushed stone (5-20 mm fraction), quartz sand with
fineness modulus of 2.3, the superplasticizer Polyplast SP-1, and fly ash from the Darnytsia
Thermal Power Plant were used in concrete production. The properties of three concrete
compositions were investigated. Composition No. 1 (without fly ash) served as the control, with
300 kg/m? of Portland cement used as the binder. In composition No. 2, 10% of the Portland cement
was replaced with 75 kg/m?® of fly ash. In composition No. 3, 20% of the Portland cement was
replaced with 150 kg/m*® of fly ash. All concrete compositions included 2.4 kg/m® of
superplasticizer.

All concrete mixtures exhibited equal workability (S1), with the water/cement ratio (W/C)
depending on the composition. For the control composition No. 1, the W/C ratio was 0.390. For
composition No. 2, the actual W/C ratio, calculated as the total binder content (cement and fly ash),
was 0.333. For composition No. 3, the W/C ratio was 0.308. Thus, as the proportion of fly ash in the
binder increased, the W/C ratio of the mixtures decreased.

The average density of the control concrete (composition No. 1) and composition No. 2 was
approximately equal (2441 kg/m* and 2446 kg/m?, respectively), while composition No. 3 exhibited
a slightly lower density (2423 kg/m?). This can be explained by the fact that replacing part of the
cement with a larger mass of fly ash reduces the W/C ratio while simultaneously increasing the
spacing of coarse aggregates.

Compressive strength was measured at 7 and 28 days. At 7 days, the compressive strength of
composition No. 2, where 30 kg/m*® of cement was replaced with 75 kg/m? of fly ash, was 6.8%
lower than that of the control (composition No. 1). However, at 28 days, the compressive strength
of composition No. 2 was 3.8% higher than that of the control. For composition No. 3, replacing
60 kg/m?® of cement with 150 kg/m?* of fly ash resulted in a 28.3% decrease in compressive strength
at 7 days and a 14.0% decrease at 28 days compared to the control. Thus, concretes containing fly
ash demonstrated slower strength gain compared to concrete using only Portland cement as the
binder. Replacing 10% of the Portland cement with a rational amount of fly ash produced concrete
with strength comparable to that of the control composition. However, replacing 20% of the
Portland cement was not fully compensated by the fly ash.

Therefore, the use of fly ash in concrete for transportation structures and road pavements is
both feasible and effective. The introduction of a rational amount of fly ash reduces binder
consumption, which has significant ecological benefits and is economically viable.

Keywords: fly ash, concrete, transportation structures, rigid pavement, superplasticizer,
strength.

Introduction. A global trend today is the gradual increase in road construction, particularly
with rigid pavements. Road construction requires significant quantities of cement concrete for the
construction of various types of transportation structures and, in the case of rigid pavements,
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directly for pavement layers. In Ukraine, as a result of the full-scale invasion, a substantial portion
of the transportation infrastructure has been damaged and requires restoration, which will
necessitate extensive use of concrete. During the post-war recovery phase, the volume of concrete
works in transportation construction is expected to increase further.

One of the strategic goals of sustainable development, as outlined in the UN Framework
Convention on Climate Change, is to implement measures to reduce carbon dioxide emissions. The
cement industry is a significant producer of CO, , making the use of industrial by-products in
concrete, capable of replacing part of the cement, along with efficient modifiers, a key aspect of
Ukraine's low-carbon development as a European state [1].

An effective secondary material that reduces binder consumption in concrete is fly ash, a by-
product of thermal power plants. Thus, the use of fly ash is both environmentally beneficial, due to
reduced CO, emissions, and economically advantageous [2, 3]. However, in Ukraine, fly ash is
rarely used in concretes for transportation structures, and even less so for road pavements. This is
due to the specific performance requirements for such concretes on the one hand and the limited
experience in using this by-product in transportation construction on the other. Therefore, research
into the feasibility of partially replacing cement with fly ash in concretes for transportation
structures and road pavements, while ensuring the necessary levels of strength and durability,
remains relevant.

Analysis of Research and Publications. Fly ash is a fine-grained product formed from the
mineral components of fuel during combustion and collected in specialized filters [3, 4]. Ukraine
has a well-developed network of thermal energy plants that produce significant amounts of by-
products, including fly ash [5, 6]. The predominant component of fly ash is a vitreous
aluminosilicate phase, which consists of spherical particles with hydraulic activity [4]. Thus, fly ash
serves as an active mineral admixture that increases the total binder content in concrete.
Simultaneously, fly ash acts as a microfiller, influencing the physicochemical processes at the
interface between the cement paste and aggregate [7]. Its use reduces the amount of calcium
hydroxide formed during the hydration of the binder, thereby improving the corrosion resistance of
concrete [2, 7, 8].

In concrete production, fly ash is used either to partially replace cement [4, 7-10] or as a
pozzolanic additive [2, 7, 10-12]. Researchers have often determined that replacing approximately
15-20% of the cement mass with fly ash is effective [3, 10]. However, under certain conditions,
even greater amounts of binder can be replaced without compromising material properties. For
instance, in [9], 80% of the cement in self-compacting concrete was replaced with a combination of
industrial by-products, including fly ash, silica fume, and ground granulated blast furnace slag,
without reducing compressive strength. This replacement also decreased the concrete's permeability
to chloride ions. A similar effect of reduced permeability was observed in studies [11, 12]. In [2],
the use of fly ash combined with silica fume and zeolite improved the quality of composite cements
and accelerated the concrete production process. Importantly, unlike other pozzolanic additives
(such as zeolite or silica fume), fly ash does not require increased dosages of superplasticizer to
maintain mix workability. In [12], the fly ash content in concrete ranged from 30% to 40% of the
total binder content, with concrete strength ranging from 65 MPa to 85 MPa. Concrete samples with
fly ash also exhibited reduced shrinkage compared to control samples. In [13], the incorporation of
fly ash enhanced the strength and durability of road pavement concretes, with the maximum effect
achieved when fly ash was used in combination with silica fume.

However, when using fly ash to replace part of the cement, it is important to consider that its
impact on concrete properties varies depending on the type of cement, the percentage of binder
replaced, and the curing conditions [14]. The composition and structure of fly ash are also non-
uniform and depend on many factors, including the type of fuel burned, its ash content, and fineness
of grinding, combustion temperature, and the residence time of particles in the combustion zone [6].

In the practice of road construction in Ukraine, fly ash is primarily used to stabilize subgrade
layers [15], particularly to improve the properties of soil-cement [16]. The Ukrainian standard SOU
42.1-37641918-104:2013, "Fly Ash and Ash-Slag Mixtures from Thermal Power Plants for Road
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Works. Technical Specifications,” permits the use of fly ash in preparing cement concrete mixes for rigid
pavement structures, as well as for concrete products for bridges and culverts [17]. Additionally, [18]
highlights the potential for using fly ash in road and airfield construction, particularly in prestressed
slabs and monolithic cement concrete pavements.

Therefore, given the available raw material base and the urgent needs of Ukraine's economy,
research aimed at improving the efficiency of fly ash use in transportation construction is highly
relevant.

The objective of this study is to determine the effect of replacing part of the cement with fly
ash on the early-age and design strength of concrete for transportation structures and road
pavements.

Materials and Methods. The following materials were used in the experiment for concrete
production:

— Portland cement CEM 11/A-S 500, manufactured by PJISC Dyckerhoff Cement Ukraine.

— Crushed stone (fraction 5-20 mm) sourced from the Novyi Buh district, Mykolaiv region.

— Quartz sand with a fineness modulus of 2.3, sourced from the Voznesensk district,
Mykolaiv region.

— Superplasticizer Polyplast SP-1.

— Fly ash from the Darnytsia Thermal Power Plant (Kyiv).

The properties of three concrete compositions for transportation structures and road
pavements were investigated. Composition No. 1 (without fly ash) served as the control, where only
Portland cement was used as the binder in the amount of 300 kg/m?. In composition No. 2, 10% of
the Portland cement was replaced with 75 kg/m* of fly ash. In composition No. 3, 20% of the
Portland cement was replaced with 150 kg/m? of fly ash. All mixes included a superplasticizer in
the amount of 2.4 kg/m*, which constituted 0.8% of the cement mass in the control composition No.
1. The dosage of superplasticizer remained unchanged when a larger mass of fly ash replaced part
of the cement.

All concrete mixes exhibited equal workability, classified as S1, with a slump of 3—4 cm. This
corresponds to the requirements of DBN V.2.3-4:2015 "Automobile Roads" [19] for mix
workability when using slipform pavers (1-5 cm, depending on the paving speed). Additionally,
mixes with this level of workability can be used for producing components of transportation
structures. The workability of all concrete mixes was achieved by adjusting the water content with
corresponding corrections to the mix design. The compositions of the investigated concretes are
presented in Table 1.

Table 1 — Compositions of the Investigated Concretes

No. of Concrete composition, kg/m?
compo-
sitign Cement Fly Ash Cél:gzgd Sand Superplasticizer | Water
1 300 - 1275 775 117
2 270 75 1270 735 2.4 115
3 240 150 1265 690 120

The workability of the concrete mixtures was determined in accordance with DSTU B V.2.7-
114:2002 "Building Materials. Concrete Mixtures. Test Methods"” [20]. The compressive strength of
the concretes was measured according to DSTU B V.2.7-214:2009 "Building Materials. Concretes.
Methods for Determining Strength Using Control Samples” [21].

Results of the Study. Since all concrete mixtures exhibited equal workability, their water-to-
cement ratio (W/C) depended on the composition. For the control composition (No. 1), the W/C
ratio was 0.390. For composition No. 2, the actual W/C ratio—calculated as the sum of cement
(270 kg/m?) and fly ash (75 kg/m?) — was 0.333. For composition No. 3, the W/C ratio, based on the
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total binder content (cement 240 kg/m?* + fly ash 150 kg/m?), was 0.308. This calculation can be
considered methodologically correct since fly ash has a particle size distribution similar to that of
cement.

The gradual decrease in the W/C ratio as the proportion of fly ash in the binder increased
confirms a well-known materials science principle that this mineral admixture improves the
workability of the concrete mixture [10, 11]. In this experiment, the reduction in the W/C ratio was
also partly due to the fact that the total amount of binder (cement + fly ash) in composition No. 2
was 45 kg/m? greater than in composition No. 1, and in composition No. 3, it was 90 kg/m? greater
than in composition No. 1. However, despite the increase in total binder content, the amount of
superplasticizer remained unchanged. Consequently, the actual dosage of the superplasticizer for
composition No. 1 was 0.8% of the binder mass, for composition No. 2 — 0.696%, and for
composition No. 3 — 0.615%.

The experimentally determined values of average density and compressive strength of the
investigated concretes are presented in Table 2.

Table 2 — Average Density and Compressive Strength of the Investigated Concretes

No. of compo- Average Density, Compressive Strength | Compressive Strength
sition kg/m? at 7 Days, MPa at 28 Days, MPa
1 2441 57.0 65.5
2 2446 53.2 68.0
3 2423 40.9 56.3

The analysis of the experimental data presented in Table 2 shows that the average density of
the control concrete (No. 1) and composition No. 2 was approximately equal, while composition
No. 3 had a slightly lower density. This can be explained by the fact that replacing part of the
cement with a larger mass of fly ash reduces the W/C ratio of the mixture, but at the same time,
increases the spacing of the coarse aggregate.

Figure 1 presents a diagram based on the data from Table 1, showing the compressive
strength development of the investigated concretes at 7 and 28 days.

The analysis of the diagram and Table 1 data shows that at 7 days, the compressive strength
of composition No. 2, where 10% of cement (30 kg/m?®) was replaced with 75 kg/m? of fly ash, was
only 6.8% lower than that of the control composition No. 1. At 28 days, however, the compressive
strength of composition No. 2 was 3.8% higher than that of the control composition. For
composition No. 3, replacing 20% of cement (60 kg/m?) with 150 kg/m* of fly ash resulted in a
28.3% reduction in compressive strength at 7 days. By 28 days, composition No. 3 exhibited a
compressive strength that was 14.0% lower than that of the control composition.

Thus, concretes incorporating fly ash demonstrated a slower rate of strength development
compared to the control concrete, where only Portland cement was used as the binder. This finding
is consistent with results reported by many researchers [3, 4, 10, 22]. Within the scope of this
experiment, replacing 10% of the Portland cement with an optimal amount of fly ash, as a by-
product of thermal power plants, produced concrete with strength comparable to the control
composition. However, replacing 20% of the Portland cement (60 kg/m?®) with 150 kg/m? of fly ash
was not fully compensated, which can be attributed to the limited pozzolanic effect of this
admixture and possibly the specific quality of the fly ash used from the Darnytsia Thermal Power
Plant. It is also important to note that this result was obtained for concretes based on CEM II/A-S
500 cement, which contains up to 20% ground granulated blast furnace slag. The effectiveness of
fly ash will naturally vary when using other types of cement.
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Fig. 1. Compressive strength development of the investigated concretes at 7 and 28 days:
No. 1 — 300 kg/m?® of cement, no fly ash; No. 2 — 270 kg/m? of cement, 75 kg/m? of fly ash;
No. 3 — 240 kg/m?® of cement, 150 kg/m? of fly ash

Conclusions and Prospects for Further Research. Fly ash can be effectively used in
concrete for transportation structures, including culverts, and road pavements, enabling a reduction
in binder consumption. When using Portland cement CEM 1I/A-S 500, it is possible to replace 30
kg/m* of binder with 75 kg/m® of fly ash from the Darnytsia Thermal Power Plant without
compromising the material's strength. The concrete compositions developed in this study, based on
their compressive strength, can be used for the construction of rigid road pavements of all
categories. For culverts, enhancing the concrete's corrosion resistance is potentially significant,
which, according to many studies, can be achieved by using an optimal amount of fly ash.

Expanding the range of concretes in which fly ash, as a by-product of thermal power plants,
can be utilized has important environmental benefits in terms of reducing carbon dioxide emissions,
as well as being economically viable.

Further research will investigate the effect of fly ash from the Darnytsia Thermal Power Plant
on the strength and durability of concretes modified with polycarboxylate additives. In particular,
future studies will focus on the impact of partial replacement of Portland cement with fly ash on
such critical quality parameters for concretes used in transportation structures and road pavements
as frost resistance and abrasion resistance.
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BIIJINB 3AMIHU YACTUHU HEMEHTY 30J1010-BUHECEHHAM HA MILIHICTb
BETOHIB TPAHCIIOPTHUX CIIOPY/ I JOPOXHIX IIOKPUTTIB
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AHoTanifa. Bu3HaueHO BIUIMB 3aMiHM YaCTHHH IIEMEHTY 30JI0H0-BUHECCHHSM Ha MIIHICTh
OCTOHIB /I TPAHCIIOPTHUX CHOPY 1 TOPOKHIX MOKPUTTIB.

Jlnst BUTOTOBJIEHHST OeTOHIB BUKOpUCTOBYBaBcs noprianauement L] II/A-I11-500, meGinb
¢dpakmii 5-20 MM, kBapuoBuil micok 3 Mkp=2,3, cynepmiactudikarop Ilomimmact CII-1 i 30ma-
BunecenHs1 [lapaunbkoi TEL. Jocmimkeno BmactuBocTi OeToHIB Tphox ckiamiB. Ckian Nel (6e3
30JI1 BUHECEHHsI) BUKOPHCTOBYBABCS SIK KOHTPOJBHHM 1 y SIKOCTI B’S)KYy4Oro B HBOMY 3aCTOCOBAHO
mopTiaHAueMeHT y kimekocti 300 kr/me. YV ckmami Ne2 10% mOpTIaHANEMEHTY 3aMiHEHO Ha
75 kr/M° 30/M-BUHECEHHS. Y ckiaai Ne3 20% mnoptiaHaneMeHTy 3amiHeHo Ha 150 Kr/M° 3001H-
BHHECEHHS. Y BCi GETOHH BBOIMBCS CyIepruiacTH(iKaTop y KimbKocTi 2,4 Kr/m®.

Bcei Geronni cymimi manu piBHY pyxomicte S1 Ta ix B/Ll 3anexano Bix ckimamy. s
KoHTposbHOTO ckiamy Nel 3mauenns B/L] cyminni mopisaroBano 0,390. s ckimaxy No2 dakTudne
B/Il, ToOT0 3a yMOBU PO3paxyHKY KITBKOCTI B’SDKYYOro SIK CyMH KUTBKOCTI I[EMEHTY 1 30JIH,
nopisaroBaio 0,333. s ckiamy Ne3 — 0,308. ToO6TO y Mipy 301IbIICHHS YaCTKH 30JI Y B’ SKY4OMY
B/I1 cymiieii 3HIKYBanacs.

Cepenns ryctuHa OETOHY KOHTpOJbHOro ckmamy Nel i CKnaﬂg/ Ne2 € npubnu3HO PiBHOIO
(2441 kr/m® i 2446 KF/M3), a ckiany Ne3 nemo menmoro (2423 kr/m”). Lle MOSICHIOETBCS TiM, IO
MIpH 3aMiH1 YaCTHHH [EMEHTY OUTBIIO0 32 MACOI0 KUTBKICTIO 30JIM-BUHECEHHS Y O€TOHI 3HUKYEThCS
B/11 cymimri, ane ogHOYACHO 301UIBIIYETHCS PO3CYHEHHS KPYITHOTO 3alI0OBHIOBAYA.

MinHicTe Ha cTUCK O€TOHIB BHM3Hayanacs y Bimi 7 1 28 ni6. BeranoneHo, mio y Bimi 7 116
MIIHICTh Ha CTUCK OeToHy ckiany Ne2, y sxomy 30 Kkr/m° LIEMEHTY 3aMiHeHO Ha 75 kr/m® 307mH-
BUHECEHHS, € Ha 6,8% MeHIe MIITHOCTI KOHTpoJbHOTO ckiamxy Nel. Ane y Bimi 28 110 MIIHICTh
6erony ckmnany Ne2 e Ha 3,8% Oinbiie MilHOCTI OeTOHY KOHTpoibHOro ckiany Nel. [lns ckmany
Ne3 samina 60 xr/m° neMeHty Ha 150 KI/M® 30J1M BHHECEHHS BUKJIMKAIA 3HMKCHHS MIIHOCTI Ha
CTHUCK Y MOPIBHSIHHSA 3 KOHTPOJIbHUM ckiazoM Nel y Bini 7 116 Ha 28,3%, y Biwi 28 n1i6 — Ha 14,0%.
To6To 6eToHu, y cKilajl SIKUX BUKOPUCTOBYBAAcs 30Ja-BUHECEHHSI, XapaKTEpPU3yBAJIUCS MEHIIIOIO
HIBUJIKICTIO HAOOpy MIIIHOCTI y TOpPIBHAHHI 3 OETOHOM, B SKOMY Yy S$KOCTI B’ SXKy4Oro
BUKOPUCTOBYBAaBCSl JHIE MOpTiaHauneMeHT. 3amiHa 10% mnopTiaHALEMEHTY palioHAIbHOIO
KUTBKICTIO 307U JIO3BOJIMJIA OTPUMATH OETOH 3 MILIHICTIO, SIKa € HE MEHII MIIIHOCTI KOHTPOJIBHOI'O
ckiany. [Ipore 3amina 20% nopTianAneMeHTy He OyJia TOBHICTIO KOMIIEHCOBAaHA BBEICHHSIM 30J1H.

Tobro MOXIMBUM 1 e(eKTMBHUM € 3aCTOCOBYBAHHS 30JIM-BUHECEHHS Y CKJIaJl OETOHIB
TPAHCHOPTHUX CIOPYJ 1 JAOPOXKHIX HNOKPHUTTIB. BBeNeHHs pallloHaJbHOI KUIBKOCTI 30JIM J03BOJISIE
3HU3UTU BUTPATH B’SHKYYOTO, 1110 MA€ BAXKIIMBE €KOJIOTIYHE 3HAUEHHS 1 €eKOHOMIYHO JIOLLIBHO.

KuouoBi ciioBa: 30ma-BUHECEHHS, OETOH, TPAHCIOPTHI CHOPYAH, XOPCTKE JIOPOXKHE
MOKPUTTSI, CyNepIuiacTugikaTop, MillHICTb.

Crarta Haaidnua o penakuii 24.11.2024
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Abstract. The article proposes a method for assessing the state of the surface structure of
shell limestone. Shell limestone taken from the wall of a destroyed one-story building in Odessa
was used as the test material for analyzing the surface characteristics of the structure. The structural
characteristics of shell limestone vary significantly even within a single layer, so to ensure reliable
adhesion of restoration materials, it is necessary to take into account the individual characteristics of
the surfaces. The material was studied using modern methods of fractal analysis, which make it
possible to determine the key parameters of the surface structure. For the study, photographs of the
shell limestone surfaces were obtained using electronic macrophotography, which were then
processed in the Guiddion software environment, designed for research in the field of scanning
probe microscopy. Modern analysis algorithms were used, including image filtering, calculation of
fractal dimension and construction of autocorrelation functions. This made it possible to estimate
surface parameters such as roughness, texture and fractal properties. Several methods have been
selected to determine the fractal dimension, which is an important task in analyzing structures such
as reliefs, textures, and functional surfaces. Fractal analysis of shell limestone images was
performed using several measurement algorithms — cube counting methods, triangular prisms,
power spectrum, and separation (variational). The used method for assessing the state of the shell
limestone surface structure allows for the selection of restoration materials with the required
physical, chemical, rheological, and strength properties. The proposed approach can be used to
adapt restoration compositions to porous substrates in various architectural and historical
monuments.

Keywords: fractal analysis, shell limestone, restoration compositions, adaptation, structure,
surface, porous materials, substrate.

Introduction. One of the important tasks of construction materials science, especially
relevant in cities — centers of historical, cultural and architectural heritage, is to obtain restoration
compositions with an optimal set of performance characteristics: adhesive strength, the ability to set
and form a composite layer of sufficient strength with low shrinkage, high vapor permeability,
preventing moisture accumulation and freezing in winter. In addition, such composite materials are
required to have maximum compatibility in terms of basic chemical properties and physical
parameters — the material must be maximally adapted to the surface of the base. A common
building material that was used in architectural monuments — historical buildings in Italy, France,
Greece, Ukraine, etc. is a local material — shell limestone. This porous sedimentary rock is widely
used in architecture, especially in regions with abundant marine sediments. Despite its aesthetic
appeal and environmental benefits, the low mechanical strength of shell limestone and its high
susceptibility to weathering pose significant challenges in ensuring the durability of buildings and
structures made from this stone. Therefore, over time, historical buildings need restoration,
reconstruction and preservation, and the choice of composite materials used is a pressing issue in
these processes.

Careful selection of compositions of restoration composite materials for shell limestone
buildings requires special approaches. The main task of such composites is to strengthen structural
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elements while preserving their authenticity and historical value. At the same time, restoration
compositions should have good adhesion to the base material (substrate) while maintaining physical
and aesthetic integrity over time, that is, ensure sufficient adhesion of the composite and the
substrate — shell limestone. The development of methods for selecting optimal compositions of such
composite materials to ensure the main performance characteristics is an important and urgent task.
A rational approach to the selection of such compositions is a multifaceted and multi-criteria task,
in the solution of which an important aspect is related to the study of the surface structure of the
substrate to ensure maximum adaptation of restoration composites to the base material.

Analysis of recent research and publications. The main requirement for restoration
materials when restoring stone surfaces is to ensure maximum compliance and authenticity both in
appearance and in chemical composition, physical and operational properties [1, 2]. Therefore, it is
necessary to conduct a thorough chemical and physicochemical analysis of the material being
restored, in particular, its surface, for an informed decision when determining the restoration
composition.

It should be noted that when restoring the surfaces of stone materials, it is necessary to form a thin
intermediate layer, which ensures maximum adaptation of the main volume of the composite material to
the restored surface [3]. In this case, conditions are created for even greater adaptation of the main
volume of the restoration composite. Therefore, it is important to ensure contact of high adhesive
strength between the intermediate restoration layer and the stone, for example, shell limestone, taking
into account the high degree of structural heterogeneity of its surface.

A prerequisite for the manifestation of high adhesive characteristics is the ability of the
adhesive to fill the main elements of the surface structure — pores of all types, irregularities, surface
roughness, cracks and fissures [4]. At the same time, to obtain high adhesive strength of the
"adhesive-substrate” contact, it is necessary to ensure the maximum contact area of the base
material and the restoration composite. It should be noted that it is necessary to take into account
the individuality of the structure of each specific restored area of shell limestone [5] when solving
such problems.

The study of the surface structure of restored products, in particular shell limestone, is of
interest for the targeted selection of a primer intermediate composition, as well as a restoration
composite, in order to ensure chemical, physical and structural compatibility with the porous
irregular surface of the shell limestone and adaptation to it.

Fractal geometry as one of the approaches to the description of complex surfaces has been
widely used in the study of natural and artificial materials [6-8]. Shell limestone, which is a porous
sedimentary rock, exhibits a multi-level structure that is well described by fractal models [9].

It should be noted that there are several types of display and study of fractal-like objects [10].
Often, a boundary or edge fractal is studied, determined by the nature of the boundary surface of the
structure being studied. Another option for studying self-similar structures is their representation by
a mass fractal associated with the distribution of particles with a certain mass index in space. The
micrographs of materials studied in this case are fractal surfaces, the third coordinate of which
corresponds to the intensity of the corresponding pixels in the electronic image. Determining the
fractal dimensions of surfaces, where intensity acts as the third coordinate, is an important task in
the analysis of structures such as reliefs, textures and functional surfaces.

Let us consider some methods for determining fractal dimension in image analysis.

The Box-counting method [11] is designed to estimate the fractal dimension of images
considered as three-dimensional surfaces, where the brightness of each pixel is interpreted as
height. This approach is useful for analyzing structural properties of complex surfaces, such as
roughness or porosity, and relates them to scaling characteristics.

The method is represented by the following algorithm. A two-dimensional image of size
M xM converted to three-dimensional space (X, Yy, z), where (X, y) — pixel coordinates, z — pixel
brightness level. The image base is divided into a uniform grid with a step s, where is the cell size
SxS is selected so that M / 2 > s > 1. Above each cell, a column is constructed consisting of
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parallelepipeds with a height calculated from the ratio C_ M, where C — number of gradations of
s, S

z

image brightness.
For each cell the parameter is calculated n.(i, j)=z,, —2,, +Lwhere z _ and z . -

maximum and minimum brightness in the current cell. Next, summing up the values n.(i, j) for all

grid cells, get the number of filled cells for the current size s. For different values of s, calculate N,
which allow you to build a dependency log (Ns) from log(s). The slope of the regression curve is
used to determine the fractal dimension D =—tan(«), where « — slope angle of a linear section on a

graph log (Ns) from log(s). The fractal dimension is determined by the formula (1):
D = —lim 129N (1)
—0 logt

The triangulation (triangular prism) method [12] is used to calculate the fractal dimension of
complex surfaces by analyzing the dependence of the surface area on the grid step size. It starts with
representing the surface as an image, where the brightness of each pixel is interpreted as the height
at the corresponding point. The image is covered with a grid with a step size s, each cell of which
includes four points forming a base. For each cell, two diagonals are drawn, the intersection of
which defines the central point. The height of this point is calculated as the arithmetic mean of the
heights of all four nodes of the cell. Next, four triangles are formed from the cell points, which form
the upper part of a polyhedron approximately corresponding to the real topography of the surface.
For each triangle, the area is calculated using the standard vector formula through two of its edges.
The total area of all triangles gives an estimate of the surface area for a given cell. This process is
repeated for all cells of the grid, and the final sum of the areas serves as an estimate of the surface
area of the image for a given step size. To calculate the fractal dimension, the method is repeated
with different values of s, and the dependence of the surface area on the step is recorded. A
logarithmic dependence of the area on the step, known as the Richardson curve, is constructed
based on the data obtained. The slope of this dependence on the linear section corresponds to the
parameter B, from which the fractal dimension is calculated using the formula D = 2 — B. Thus, the
triangular prism method allows for an accurate assessment of the fractal characteristics of complex
surfaces, for example, to analyze the porosity or roughness of materials.

The idea of the variational method [13] for determining the fractal dimension is to estimate
the degree of change of the surface depending on the sample scale by calculating the variational
measure V(r). For this purpose, the surface is divided into cells with a linear size r. For each cell,
the deviation of the intensity values z = f(x, y) from the average value in the cell is calculated (2):

V(= |f(xy)-f| (2)

cell

Change the scale r and repeat the calculations, then plot the dependence graph log V(r) from
log r. The fractal dimension is calculated using the formula (3):
D=Iim{3—|09v(r)j. 3)
r—0 |og r
The Power Spectrum Method [14] is based on the analysis of the power spectral density S(k)

of the surface at spatial frequency k. To do this, the following successive steps are carried out:
1. Calculate the two-dimensional Fourier transform of a surface f(x, y) (4):

F(kek,) =[] £ y)e " dxay. (4)
2. Determine the power spectral density (5):
S(k) 4 F(k,.k,) I, (%)

from k = /k; +k; .

3. Build a dependency log S(k) from log k.
4. Calculate the fractal dimension using the formula (6):
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_1-F
D=—", (6)

where S — slope of the linear section of the graph log S(k) from log k.

The methods discussed above allow us to evaluate the fractal properties of shell limestone
surfaces, which are the basis for the next stage of rational selection of the composition of restoration
materials. Their use in the study provides a comprehensive approach to the analysis of the cellular
structure, taking into account the multi-level nature and uniqueness of each sample. Thus, Box
counting and Power Spectrum are effective for integral assessment, while Triangulation and
Partitioning are better suited for local analysis. This allows us to combine average characteristics
with local features, which meets the challenges of developing optimal compositions of composite
materials for restoration.

The purpose of the work is to develop a non-destructive method for assessing the state of the
surface structure of shell limestone.

Materials and methods of research. A sample of shell limestone taken from the wall of a
one-story building being destroyed in Odessa was used as the source material. The surface of its
natural chip and cut was examined.

The research methods were based on obtaining photographs by electronic macrophotography
and their subsequent processing in the software environment of the Guiddion system, designed for
research in the field of scanning probe microscopy. In particular, filtration modules, fractal
dimension calculation and autocorrelation function were used.

Various methods of fractal analysis were used in the work: Box counting (cube counting
method), Triangulation (triangular prism method), Power Spectrum (power spectrum method),
Partitioning (variational).

Research results. The study is the primary stage of the materials science analysis of historical
materials with a porous structure for the further application of restoration methods to products made
from them, for example, structural elements of buildings of the cultural heritage of Odessa and
other cities. The main property of primers and restoration compositions is effective adhesive
interaction with the substrate, which requires an individual selection of the compositions of the
corresponding composites for each architectural restoration project. The compositions under
consideration should be distributed over the surface of the shell limestone in such a way as to
ensure the maximum contact area of the "adhesive-substrate”. Therefore, certain requirements are
imposed on the physicochemical, rheological characteristics, the nature of the distribution of
particles in the adhesive composition and its ability to effectively harden within a specified time.
The considered set of properties can be characterized as the ability to geometrically and physic
mechanically adapt the adhesive to the substrate.

An intermediate stage in the sequence of each restoration project is the assessment of the
condition and structure of the surface being restored. Such an assessment can be carried out using
several methods, one of which (fractal analysis) has an obvious physical meaning and is associated
with the characteristic self-similar properties of the porous materials being restored. In terms
familiar to restoration specialists, the determined fractal dimension Df describes the degree of
structural heterogeneity (relief, jaggedness and roughness) of the surface: the greater the value of Df
— 2, the more pronounced are the corresponding geometric properties. Fractal analysis allows for a
quantitative assessment and differentiation of the considered structural characteristics of samples of
visually similar surfaces. In the future, the obtained values of fractal characteristics will allow for an
indirect characterization of the requirements for primers and restoration compounds.

The effectiveness of intermediate primers can be studied from a geometric point of view,
namely, by assessing how effectively the surfaces under study are “smoothed” when they are used.
Thus, for effective primers, the difference in fractal dimensions of the initial and processed

surfaces, D™ — D/, should be maximum with the necessary consideration of additional conditions

and restrictions, which can be a criterion for choosing a composition from several. It is also
necessary to note the adaptive nature of the interaction during the formation of the considered types
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of adhesive contacts.

Thus, the adhesive composition of the required properties can be approximately selected
based on knowledge of the fractal dimension of the substrate, which, together with the Richardson
curves, which also characterize multifractal properties [7, 15], can be determined based on the
results of processing the images of the material.

In our work, the calculation of fractal characteristics was implemented using the Guiddion
program, designed for processing images obtained on nano-technological instruments — scanning
probe microscopes. However, the internal functionality is also well suited for analyzing images of a
conventional nature.

For the analysis, images of shell limestone chips from different areas of the same sample
stone were selected (Fig. 1).

f* M ff ' :

,"v"" “§ £ 100 i
Fig. 1. Photo of the surface of shell limestone: a — section 1; b — section 2

The image was converted to grayscale and subjected to median filtering. After that, the above-
described algorithms and methods of fractal analysis were applied. As a result of stepwise change of
the cell scale or similar steps, mappings equivalent to Richardson curves were obtained. A linear
approximation was constructed for the corresponding methods.

The results of the study and the corresponding values of fractal dimensions are given in Table 1.

The obtained data allow us to approximately characterize the degree of structural
heterogeneity of the studied samples. Each of the values obtained as a result of fractal analysis
(fractal dimension 2.69 and 2.55) indicate a significant difference between the shell limestone
surface and classical mathematical surfaces, which allows us to draw a conclusion about the three-
dimensional structure of the studied surfaces. Differences in fractal dimensions indicate different
degrees and nature of structural heterogeneities of the surface of the analyzed material even within
the same sample. Shell limestone, being a sedimentary rock, was formed and transformed under
different physical conditions — significant gradients of flows and concentrations of mineral
components, which could be the reason for the differentiated nature of the structural organization.

The requirement for the primer and main restoration composition to ensure maximum contact

with the restored surface can be represented by the following geometric condition. Let's consider
the "excess" fractal dimension AD:***" equal to the fractional part of the corresponding number

(for example, 0.69 for a fractal dimension of 2.69). Then the corresponding composition will
geometrically adapt to the surface, filling pores and voids until its "excess" fractal dimension

complements the "excess" fractal dimension of the material. AD:*"*" up to 1, which corresponds to
the expression (7):
b dhesi
AD:U strat+AD?. eSIVz 1 (7)
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Table 1 — Results of fractal analysis of shell limestone images

Measurement . . . .
. Section 1 shell limestone (a) Section 2 shell limestone (b)
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log b log ki
Fractal Result Result
dimension Partitioning: 2,83 Partitioning: 2.74
Cube counting: 2.62 Cube counting: 2,55
Triangulation: 2,69 Triangulation: 2,65
Power spectrum: 2,58 Power spectrum: 2,25
Average
fractal 2.68 2.55
dimension
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Strict equality in this case corresponds to the formation of an ideal adhesive contact, which
forms a three-dimensional structure together with the substrate and the adhesive. In this case, the
structural heterogeneity on the surface of the primer layer decreases. Approaching the ratio (7) is an
example of the adaptation of the adhesive to the geometric structure of the surface of the porous
material.

Conclusions. Thus, in the work, a non-destructive method for assessing the state of the
surface structure of shell limestone was substantiated and applied based on the fractal
characteristics obtained by appropriate processing of images of this surface. The obtained values of
the fractal dimension for different areas of the surface indicate its significant structural
heterogeneity. Quantitative results of the fractal analysis can be used to select the composition of
the primer layer, and subsequently the main restoration composite, with the required structural
parameters, as well as physicochemical and rheological properties.
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HEPYHUHIBHUI METO/I OLIIHKU CTAHY CTPYKTYPHU IIOBEPXHI
KAMEHIO-YEPEITAIITHUKA

lCemenona C.B., X.T.H., JIOIICHT,

semenova@odaba.edu.ua, ORCID: 0000-0002-5309-5854
1JIeBnume71 I.B., acmipaHT,
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Y00ecora depoicasna akademis 6yO0iBHUYMBA ma apxXimexmypu
By Jlinpixcona, 4, Oneca, 65029, Ykpaina

AHoOTamiA. Y CTaTTi 3aIpONOHOBAHO METOJI OI[IHKM CTaHy CTPYKTYpPH IMOBEPXHI KaMEHIO-
yepenamHuka. Sk JochiKyBaHUN MaTepial JIsl aHali3y OBEPXHEBUX XapaKTEPUCTUK CTPYKTYpHU
BUKOPUCTAaHO YEpEeNalIHuK, B3ATHHA 31 CTIHM OJHOIOBEPXOBOI OYaiBIi, IO PYHHYETHCS, B MICTI
Opeca. CTpyKTYpHI XapakTEpUCTUKU YEpEeIaliHUKa CYTTEBO BApIIOIOTHCS HABITh Yy MEXaX OJIHOTO
mapy, TOMy s 3a0e3nedeHHs HaAiiHOi anresii pecraBpaliiHUX MaTepiamiB HEOOXiTHO
BpaxoOBYBaTH 1HJMBIAyallbHI OCOOJMBOCTI MOBEpXOHb. Marepiana IOCTIKEHO 3 BHKOPUCTAHHIM
CYy4acCHHUX METOJIB (ppakTaJbHOTO aHaNli3y, IIO0 JO3BOJIIOTH BHU3HAYMTH KIIOYOBI MapaMeTpu
CTPYKTypH moBepxHi. Jlns mocnimxkenHas Oyau orpumani GoTtorpadii moBepxoHb YepemnanrHuka 3a
JOTIOMOTOI0 €JIEKTPOHHOT MakKpO3HOMKH, sKi MOTIM OOpOOJIsUIHCS B TMPOTPAaMHOMY CEpEIOBHIII
cucremu Guiddion, mpu3HA4YEHOTO ISl JOCTIIKEHb B 00JACTI 30HJ0BOI CKaHYIOUOi MIKPOCKOMII.
Bynu 3acTocoBaHi Cy4acHi alrOpUTMH aHAJi3y, BKIIOYAIOUX (igbTpaliio 300pakeHb, pO3paxyHOK
dbpakTaibHOT PO3MIPHOCTI Ta MOOYIOBY aBTOKopensumiHux Qyukuii. lle go3BonmMiIo ouwiHUTH
napaMeTpH MOBEPXHI, TaKi SIK HIOPCTKICTh, TEKCTypa Ta (PpakTaybHi BIACTHBOCTI. J{J1s1 BU3HAYEHHS
(bpakTalbHOI PO3MIPHOCTI, 110 € BaXJIMBUM 3aBJaHHAM IPH aHATi31 CTPYKTYp, TAKUX 5K penbedu,
TEeKCTYypH Ta (YHKIIOHATBHI TOBEpXHi, MigiOpaHo aekiTbka MeroaiB. DpakTaabHHI aHaIi3
300pakeHb YeperanHiKa POBOIUBCS 3 BUKOPUCTAHHSAM KiJIbKOX aJITOPUTMIB BUMIPIB — METO/IIB
paxyHKy KyOiB, TPHUKYTHHX TpH3M, CHEKTpa TMOTY)XHOCTi, TMOAUTY (BapiamiifHOTO).
BukopuctoByBaHa MeTOAMKAa OIIHKK CTaHy IMOBEPXHI KaMEHIO-YeperalniHhKa J03BOJIAE€ HaJami
3a0e3MeunTH MOXKIIUBICTD MMiI00PY MaTepialliB Uit pecTaBpailii 3 HeoOXiTHUMH (Pi3UKO-XIMIYHUMH,
PEOJIOTIYHUMH Ta BIACTUBOCTSIMH MillHOCTI. [IpononoBanuii miaxigq Moxke OyTH BUKOPUCTAHUM AJis
ajanranii pectaBpallifHUX CKJIaJiB A0 MOPUCTUX OCHOB Y PI3HHUX apXITEKTYpHHUX Ta ICTOPUYHHX
nam'saTKax.

KurouoBi cioBa: ¢paxktanbHu aHami3, depenaniHuK, pecTaBpalliiHi CKJIaJH, aJarTailis,
CTPYKTYpa, OBEPXHsl, MOPUCTI MaTepiayu, cyOcTpar.
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AHoOTaNisA. Y CTaTTi aKLEHTYEThCS yBara Ha TOMY, 1110 JIEPEBHUHA € TOOPUM TEIJI0130I0I0YUM
MarepiajgoM, OCKiIbKH Ma€ HU3bKY TEILIONPOBIIHICT. AJIC Ma€ 1 HEraTUBHI BJIIACTUBOCTI, 30KpEMa,
CXWJIBHICTb JI0 THUTTS, KA MOK€ BUHUKHYTH 4Yepe3 3BOJIOKEHHS a00 Hee()eKTUBHY BEHTHIIALIIO Ta
iH. i moCHipKEHHST MIIHOCTI TEIDIOI30MAMIMHUX BHPOOIB 3 JIEPEBOKOMITO3UIIIMHOTO MaTepiany
(bopMyBaiu 3pa3Ku pi3HUX CHIBBIAHOLIEHb AEPEBUHU Ta KJICO, 30KpEMa, Ha BOAOPO3UYMHHHX KJEsX, a
TaKOXX Ha MoJieipHUX 1 EMOKCUAHUX CMOJIAaX, NULIXOM X 3MIIIyBaHHS 3 TUPCOIO y mpomopmii 1:2.
3acTocyBaHHsS B’SKYYMX Ha OCHOBI CHHTETHYHMX CMOJI IpH (OpPMYBaHHI TEIUIOI30JIALIHHUX
BUPOOIB 3 THPCH JEPEBUHH IiJBUIIYE EKOJIOTIYHY Oe3MedHicTh, aTMOc(epocTiiiKicTh BHPOOIB,
OCKUJIBKM TaKi CMOJIM XapaKTepU3YIOTbCs CTIMKICTIO 1O BOJM Ta IEpenaay Temreparyp. A Takox
3HMKY€E YTBOPEHHSI MIKPOOPraHi3MiB B CTPYKTYpl BHUpPOOy, ajke marepia, 10 yTEII0E CIOpYAY,
cTae OimpII MIIHUM 1 TBEpAMM Ta HE TMpocigae 3 YacoM. Bce 1ie 3yMOBIIOE 3MEHILIEHHS
TPYAOMICTKOCTI YKJQJKU TEIUIO30MsIii Ansg  Oy[iBil ¥ MOMIJIMBOCTI TEIUIO 130JIFOBAHHSA
TEIUIOreHEePyIoUOoro 06aHaHHS Ta TPYOOIPOBOIIB TEIIOHOCITB, BUTpAT OyIiBEIbHUX MaTepialiB i
3HWJKEHHS YacTKM €HEepProHOCIiB Ha omnajeHHs. BumpoOoByBaHHS Ha MILHICTh IPU CTHCKY
MoKa3aJiy, 110 BUPOOU 3 TUPCH HA BOJAOPO3YMHHUX KJIESX € OUIbII KPUXKHMHU 1 MILHICTh Ha CTUCK
JUIS KJIEI0 HAa OCHOBI KPOXMAJIIO 3HMXKYEThCS y 22 pa3u, NOpiBHAHO 3 KieeM D4 ta y monaz 30 pasis,
MOPIBHSHO 3 MOJIIMEPHUMH CMOJIaMU. Bibily Mexy MILHOCTI MaroTh 3pa3ku Ha kieto [IBA D3 ta
D4, nopiBHSHO MONi€pipHOIO CMOJIOI, TOMY MeXa MILHOCTI 3MEHIIYEThCS TUIBKA y 1,6 pasw.
BinnosigHo nedopmaliis pu CTUCKY MO TOBIIMHI CIIPECYBaHHS AJIsi BUPOOY Ha OCHOBI €MOKCHIHOT
CMOJIM TMEpEeBMINYE 3HAa4YeHHs i ModiepipHoi cMoiM Maibke y aABidi. BceraHoBineHno, 1o
nedopmaltisi Ipy CTUCKY MO IUIOIII IPeCyBaHHs A BUPOOY, BUTOTOBIEHOI'O HA OCHOBI €OKCHIHOT
CMOJIH, TIEPEBUIILYE 3HAUEHHS JUIs 11011epipHOT CMOJIH.

KurouoBi ciioBa: OyziBenbHI KOHCTPYKIiT, TUPCA JEPEBUHH, TEPILUIOI30II0BAHHS, MILIHICTh Ha
CTHCK, TTOJTIMEPHI CMOJIH, €(PEKTUBHICTb.

Beryn. OcHOBHMM MaTepiajioM JiJIi BUTOTOBJICHHS TEIUIOI30JIAIT € BIIXOAM 3 JEPEBUHH,
OCKLUIBKY JIEpeBUHA Ma€ HU3BKY I[iHY, IOBTOBIYHICTh, €KOJOT1UHICTh. OKpIM TOTO, IEpeBUHA H00pe
BOMpae BOJIOTY, SKILO MOBITPS BOJIOTE, a TAKOK BUIIAPOBYBATH ioro. Ase 1ei matepian BOJOJIIE 1
HEraTUBHUMM BIJIACTMBOCTSIMU, TAKUMHU SK CXWJIBHICTh 1O THHUTTS, IO MOXE BUHUKHYTH TpHU
3BOJIO’KEHH1 a00 Mpu BIUIMBI MIKPOOPraHi3MiB. 3acTOCYBaHHS B’SDKyYMX DPEYOBHMH Ha OCHOBI
CHUHTETHYHHUX CMOJ IpU (opMyBaHHI BUPOOIB 3 AEPEBHHHU IiBHUIILYE €KOJOTIUHY O€3MEeYHICTh Ta
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aTMOC(epOCTIHKICTh, OCKUIBKM TaKi CMOJH XapaKTEPH3YIOTHCS CTIMKICTIO 70 BOIW Ta MEpenamy
TeMIiepaTyp. A TakoXX 3HWKYE YTBOPEHHS MIKPOOPTaHi3MIB B CTPYKTYpl BHpOOyY, ajpke marepial,
[0 YTEIUIIOE CIIOPYAY, CTa€ ORI MIITHUM 1 TBEPAUM Ta HE MPOocigae 3 yacoMm. Bee 11e mpu3BoAuTh
0 3MEHIIECHHS TPYAOMICTKOCTI VKIAQAKH TEIUIO30AIii st OymiBiai 1 MOMJIMBOCTI
TEIUIOI30JIIOBaHHS  TEIUIOI€HEPYIOUOro OO0JIaHAHHS Ta TPYOONPOBOIIB TEIJIOHOCIIB, BHTpAT
OyIiBeJIbHUX MaTepiaiiB Ta 3HWKCHHS YaCTKH €HEproHOCIiB Ha onajneHHs [1, 2].

TakuM 4YMHOM, BUTOTOBJICHHS TEIUIOI3OJSIHHUX BHPOOIB HA OCHOBI JIEPEBO MOJIMEPHUX
MarepiagiB 3 mojiedipHUX Ta EMOKCHUAHUX CMOJ TOTpeOye BCTAHOBICHHS XapaKTEPUCTHUK
HEOOXITHUX JJIsi BUTOTOBJICHHS BUPOOIB 1 mpoekryBaHHsa. Illo 1 00ymMOBMIO HEOOXiAHICTH
IIPOBE/ICHHS IOCIIIKEHb Y TaHOMY HaIpPsAMKY.

AHaNi3 ocTaHHiX JochaiTKeHb Ta myouaikamiii. B poOoti [3] mokaszaHo po3poOKy
IHHOBAIIIMHOTO CHUITYYOTO TEIUIOI30JISAIIHHOT0 MaTepially 13 CTPYKKH BUIbXHU cipoi (Alnus incana L.
Moench) ta mycku 6epesu (Betula pendula, Betula verrucosa) sik 3anumikiB BUpoOHHUIITBA (aHEPH.
CrpyXka Ta IUIACTIBLI €KOJIOTIYHO €(EeKTHUBHO IEpEeTBOPIOIOTHCS HAa BOJIOKHUCTY Macy 3a
TexHoJoriero mapoBoro BuOyxy (SE) mpum temmeparypax (T) Bim 200 mo 235 °C 1 wacoBomy
iatepBaii Big 0 go 5 xB. HaliHwkuy HacumHy miuibHICTH (53 Kr M'3) nocsiraB Marepian SE i3
CTPYXKH Cipoi BUIbXH 3 12% Bosoru, o6podsenoi npu T 235 °C npotsirom 1 xB. Lle ontumansuumii
pe3yibTar, SKUM PO3KpUBAE MPOMMCIOBY KOHKYPEHTOCHPOMOXKHICTh CHUITYYMX TEII0130JIALIHHIX
MaTtepialiB i BKa3ye Ha OOTPYHTOBaHICTh MOAAIBIIO] €KCIIEPTU3H.

VY crarti [4] mokaszano maneni ta JICII, siki BUTOTOBJISUTMCS 3 OYEPETAHHUX MATIB 1 CyMilliei
OYepeTSHOI TPICKM Uil BUKOPUCTAHHS BCEpeIHHI OymiBenb A 3BYKO- Ta Teruioizoismii. [Iporte
nepeziaua 3ByKy naHesei 31 3umToi oyepeTsiHoi MHOBKH (1-3 KM/c), BUSBUIIACS MEHILIOK MOPiBHSHO
3 TMPOITYCKAHHSAM JIePEeBHO-CTPYKKOBUX IHT (17 km/c). [IpoTe cymimni ouepeTsiHOi CTPYKKH (2 cM)
1 gepeBHoi crpyxku ganu JICII i3 kpamumu MexaHiuHumu BiacTuBocTsMu (5-17 Mlla), Hixk
maHesi, BUTOTOBJEHI 3 odepersHux MmariB (2 MIla). 3adikcoBano, mo 30UTbIIEHHS KiTBKOCTI
ouepeTsiHO1 cTpyxKHu B BunipoOyBanux J{CII nokpaiiye sik 3ByKo-, Tak 1 Temioi3oisuito 3 17 1o 6
km/c 13 0,34 o 0,27 Br/MK BiamosigHo. [IpoTe MiHICTh Ha BUTHH 3pa3KiB Oyiia 3HWKEHA 3 26 110 5
MlIla. Bigznaueno 30inbmeHHs TOBIUHY 3 18% 10 85% depe3 nonaBaHHs OUEPETAHOT CTPYIKKH.

Pocnunna cupoBuHa, sk 3a3HavueHo y [5] Oyma mepeBenena B mopomok (SP) muisixom
¢13uuHOI OOpPOOKM 3 METOI OTPUMAHHS TBEPIMX MOJIypeTaHOBUX KOMIIO3UTHHUX IiHOIJIACTIB.
OTprMaHi NiHU OLIHIOBAJIM Y€pe3 MEXaHIYHI BJIACTUBOCTI, TEPMIUHI BJIACTHBOCTI Ta KOMIpYACTy
CTPYKTYpy. BusBI€HO, 10 MIIHICTh Ha CTHUCK KOMIIO3MLINHUX MIHOIJIACTIB PI3KO 3HU3UIIACS
MOPIBHSIHO 3 YKCTOIO MIHOIO, a PO3MIp MOPOILIKY HE MaB SIBHOTO BIUIMBY Ha MILHICTh Ha CTUCK Y
HampsMKy pocTy. MILHICTh Ha BUTMH JKOPCTKUX MOJIypeTaHOBUX KOMIIO3UTHHUX IIiH 3
KYKypyaA3sHOIO cosnoMoro 3meHmmminacs 3 0,34 Mlla (uucti ninomact) no 0,22 Mlla 1 0,26 Mlla,
mo 3meHmmiocs Ha 35,3% 1 23,5% BignoBigHO. MIIHICT Ha BHUIMH HEPOCTYYOi KOPCTKOT
MOJIIypETaHOBOI KOMIIO3UTHOI IMIHM TPOXM 3MEHIIMIAcs 31 30UIBIIEHHAM pO3MIpy IOPOIIKY.
[TopiBHSIHO 3 YHCTUMH MIHOIUTACTAMH, TEIUIOBI BIACTHBOCTI JKOPCTKUX TMOJiypeTaHOBHUX
KOMITO3UTHHUX MIHOIJIACTIB 3 KYKYPYA35SHOIO COJIOMOIO HE 3MIHUIIMCS.

OcHoBa pocnipkeHHs [6] monsdrana y BU3HA4YeHHI TeIUIONepesadi B MPUPOJHIN 130l 3
30J1M PUCOBOTO JyUINHUHHS 1 oBeyoi BoBHU (SWRHA), noneny 3 pucoBoi JyIINUHHS 3 CU3aJIEBUMU
BoniokHamu (SFRHA), momeny 3 pucoBoi nymmnunHg 3 OaHaHoBumMu BonokHamu (BFRHA) Ta
130515111151 TOBITPsAHOTO 3a30py. Crasnesi TpyOH Manu BHYTpilIHIN aiameTp 63 MM 1 JOBXKUHY 1 MeTp.
MaxkcumasnbHa TeIJIONPOBIIHICTh CH3aJIEBOTO BOJIOKHA, OBEYOi BOBHHM, OAHAHOBOTIO BOJIOKHA Ta
301U pucoBoro nymmuHHS cranoBmia (0,045, 0,044, 0,094 ta 0,4) Bt/m-K Bianosigno. [ns tpyOu
oquHMYyHOI AoBxkHHU Tpu 90°C makcumanbHe eHeprozOepexenHs BFRHA, SFRHA, SWRHA 3
MOBITPSIHUM 3a30POM Ta a30€CTOBOIO 130J1s111€10 cTaHOBMIIO (244,708, 242,804, 241,602 1 1443,772)
kBt-rog/pik, BiamosigHo. ToMy, sik mokaszaB pe3ynbTar, xapakrepuctuku BFRHA, SFRHA Ta
SWRHA 3 noBiTpsiHUM 3a30pOM Kpallli, Hi’k Y a30€cTOBO1 130JIA1.

B po6oti [7] 3amponoHOBaHO BUKOPHCTOBYBATH TEIUIOI30JIALINHI MaTepiaiu, sKi 3a3BUYal
BUKOPUCTOBYIOTBCS B YMOBax HHU3bKHX TeMmieparyp. HoBi OiomaTepianum 3 BOJIOKHA Tiepa,
po3po0iieHi B 1iil poOOTi, MatOTh Ha/I3BUYAIHO HU3bKY TEIUIONPOBIIHICTD, ajie 30epiratoTb BUCOKY
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YIApOCTIMKICTh NpH HU3BKUX TemmepaTypax. IloBimomieHi eKCIIepUMEHTH JEeMOHCTPYIOTh
MOKpaIieHy YAapoCTIUKICTh OloMaTepiaiiB 13 Mip’sSHOTO BOJIOKHA TIOPIBHSHO 31 CIIHCHUM
HITPWIBHAM Kay4yKOM, SIKi JO3BOJIAIOTH BUKOPHCTOBYBATH iX SK yIAPOCTIMKY TEIUIOI30JIALII0 TPU
HU3bKUX TEMIEpaTypax.

B po6ori [8] cka3aHo, 1110 y Hpoiieci TeXHIYHOro OrJIAAY Oy/aiBeNb Ta CIOPY/, 10 3BEJCHI 13
3aCTOCYBAHHSAM NWJIOMATepialiB 3 JAEAKUX BUIIB KapmaTchKoi SUTMHH, MAacOBO CIIOCTEpPIraloThCs
nporecu BUXOAY 3 po0OOuYoro CTaHy KOHCTPYKTMBHHX €JIeMEHTIB. PilleHHS MOXyTb OyTH
00yMOBJIEHI HEBIAMOBIAHICTIO BIACTHUBOCTEH KapNaTChKOi SUTMHH /0 3asBJICHUX XaPAKTEPUCTUK Y
HOPMAaTHBHUX JOKyMeHTaxX. IIpoBeaeHO TOpIBHSJIBHUI aHaji3 pe3ylbTaTiB  KOMIUIEKCHUX
nociipkenb. ChopmynpoBaHi peKOMEH Al 11010 BHECEHHS 3MiH 0 HOPMAaTUBHHX JIOKYMEHTIB.

3a pe3ysnbraTaMu SKCICPUMEHTY, HaBeleHUX y po0oTi [9] moOymoBaHO MaTeMaTH4HI MOJIEII
Ta HaBeleHO rpadiku 3aJeKHOCTI KoedillieHTa TEIUIONPOBITHOCTI Ta MIIHOCTI HA CTHCK Bif
CHIBBITHOIIIEHb THUPCA/IIEMEHT 1 BOJA/IIEMEHT IMPH MOCTIMHUX CIIBBIIHOIICHHSX MICOK/IEMEHT 1
BaITHO/IIEMEHT. BcTaHOBIIEHO, MO0 31 30UIBIICHHSAM BMICTY THPCH B CyMilli (CHiBBIIHOIIECHHS
THUPCA/IIEMEHT 3HAaXOMUThCs B Mexax Bix 0,25 no 0,75) MIIHICT 3pa3KiB CyTTEBO 3HMKYETHCS (10
64%), a KoediieHT TEIUIONPOBIIHOCTI 3MEHIIYEThCA B cepeanboMy Ha 15%. IliniGpano ckiagu
CyMileld 13 3aJaHMMH 3HAYCHHSMH KOe(iIlieHTa TEMJIONPOBIAHOCTI, IO MAalOTh MOKA3HUKH
MIIHOCTI mpu cTucky B aiamasoni Bix 0,4 nmo 1,1 Mlla, ski A03BOJSIOTE OTPUMYBATH
TEIUIOI30JIAIIIIHI IepeBOLIEMEHTHI MaTepialiu.

TunoBa MilHICTh JEpPEeBUHH POOUTH 1 MPHUIATHOK SIK KOHCTPYKIiiHUI Mmartepian [10].
Po3rnsgaroun KIr04oBi CTPYKTYPHI OCOOJIMBOCTI, BiJl MOJIEKYJISIPHOTO 10 MAaKPOCKOIIIYHOTO PiBHIB,
SAKI BU3HAYaIOTh €NACTHUYHICTh 1 CTHUCIUBICTH JEPEBHHH Ta CTOCYIOTBCS CXEeMU 30UpaHHs
JITHOIIETIOIO3HUX KOMIIOHEHTIB JICPEBHHH, BIAOBIIHOTO CHIPAIBHOTO PO3TAITyBaHHS B KIITHHHIN
CTIHIII Ta aHI30TPOIii, sIKa KOHTPOJIIFOE BIACTUBOCTI MPYKHOCT1 Ta CTUCHEHHS.

VY crarti [11] cTBOpeHO HOBHMH KOMIO3UT, BUTOTOBJICHHH 13 JyromnoJiOHOr0 KOJOTOTrO
O6amOyka Ta gepeBuHu Tomoii. CepenHiii MOAYIb NPYKHOCTI NPH BUTHHI Ta MIIHICTb IS
nayrornoaioHoro 6amOykoBoro poskony craHowin 12179,33 MIla Ta 195,77 Mlla BinmosigHo,
MIIHICTh Ha 3CYB aJre3idfHOro mapy B KOMIIO3UTI AYyromofioHoro 6amOyka Ta JAepEeBUHU TOMOII
cranoBmia HaxilHi 8,02 MITa. MakcumanbHe HABaHTA)KEHHSI HA BUTHH JYTOMOAI0HOTO KOMITO3UTY
6amOyk-Tomosnsa ctaHoBwiIO 9896,29 H, o Maiixe BABIUI Ouiblle, HIXK Yy CIUIOIMIEHOTO KOMIO3UTY
06amMOyK-TOTIOJS.

BucokoedekruBHuii nepes’sHuil  ckpaitbep (HPWS), skumii nHaBeneno y poboti [12],
JIEMOHCTPYE YYAOBI MEXaHIYHI BJIACTUBOCTI Ta CTAOUIBHICTh pO3MIpIB, IO pOOUTH HOro
NEepCHeKTUBHUM MaTepiajoM Ul HECyYMX KOMIIOHEHTIB y OyIiBHUITBI. Pe3ynabpTaTtu mokasanu, o
SK PO3MIp ILIOLII MTONEPEYHOTo Mepepi3y, TakK 1 JTOBXKUHA 3HAYHO BIUIMBAIOTH Ha MIIHICTh HA CTUCK
HPWS. Brmus HPWS Ha po3mip BUSBUBCS ClIa0IIUM MOPIBHSAHO 3 1HIIMMHM KOHCTPYKIIMHUMHU
BUpoOamu 3 JiepeBHUHHM a00 OamOyka. bynu 3ampomnoHoBaHI METOAM PO3paxyHKY JAJsl KUIbKICHOI
ouinku edexry po3mipy Ha HPWS. Ili BuCHOBKM 3aKkialaloTh MII[HY OCHOBY JJsl IPOCYBaHHS
Bukopuctanig HPWS y 6yniBHuiTsI.

V crarti [13] mocnimkyBanu BIUTHB rinepposranyxkenoro nomiedipy (CHBP) i3 kiHueBumun
KapOOKCUJIPHUMH TpylaMd Ha MEXaHI4HI, KPUCTAJI4HI Ta TEPMIYHI BJIACTUBOCTI IOJIMOJIOYHOT
kucnotu (PLA)/conom’ssHoro GopoiHa (SF) 3a 1onomMororo eKcTpy3iitHoro JuTTs miJ TUcKoM. Kpim
TOro, MU JOAANM TpaauLiiHuil ruiactudikarop nomierwienrnikons (PEG) nns cuneprizmy 3 CHBP
JUISL TMABUINEHHS MiHOCTI Kommo3uTiB PLA/SF. Pe3ynpraté mokasanu, 0 BiAMOBIAHE 10/IaBAHHS
CHBP edextuBHO nokpauio mixkdaszHuil 38’5130k Mk PLA 1 comom’ssHuM OopoirHoM. BBenenus
CHBP Takox MOKpauuio MilHICTh Ha PO3PUB, MIIHICTh Ha BUTUH, YIapHY MIIHICTb, TIOAOBXEHHS
IIPYU PO3pPHUBI, TEPMIYHY CTAOUIBHICTD 1 MIBUJKICTh KpUCTaii3alii KoMrno3uTi. Kpim Toro, 1onaBaHHs
sk CHBP, tax 1 PEG 3Ha4uHO mokpaiuiio yiapHy MillHICTh KOMIO3UTIB MOPIBHSIHO 3 BUKOPUCTAHHIM
e PEG. JlocnipkeHHsT 1eMOHCTPYE JOLUIBHICTh BUKOPUCTAHHS TiMEPPO3TATYKEHUX MOIIMEPIB 1
r1acTUQIKaToOpiB IS MiABUILIEHHS MIITHOCTI, TEPMIYHOT CTaOUTFHOCTI Ta KPUCTATIYHUX BIACTUBOCTEH
JIepeBHO-TIIACTUKOBUX KOMITO3UTIB PLA, 3a0e3nedyroun HOBUH MiJIX1]] 10 MOKPAIEHHS BIaCTUBOCTEN
IIUX KOMITO3UTIB.
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B po6ori [14] cka3aHo, 1110 BHTOTOBJICHHS iHauBigyaiapHoro mapy (ILF) me HoBmii mporec
aJIUTUBHOTO BUPOOHUIITBA, PO3POOJIECHHH ISl CTBOPEHHSI 00’ €KTIB 13 BUCOKMM BMICTOM JIEPEBHHHU Ta
BHCOKOIO MEXaHIYHOI MilHICTIO. TyT TOHKI JepeB’siHi KOMITO3HWTHI MaHeNi 3 1HAWBIAyabHUMH
KOHTYpaMHU CTBOPIOIOTBCSL 32 JIOTIOMOTOK) CTPYMHUHHOT OOpOOKM CIIOJYYHOIO pPEYOBHHOK Ta
MOJTAJTBITION0 MEXaHIYHOTO IPECyBaHHS. Bylno BHSBIEHO, IO B3a€MOiS MK KUIBKICTIO KIICIO Ta
TUCKOM, SIKHH BHUKOPUCTOBYETHCS JUUIS BHUTOTOBJICHHS TIaHENICH, Ma€ BEJIMKE 3HAYCHHS IS
FCOMETPUYHHUX BJIACTHMBOCTCH. Bynao BH3HAUYeHO TpW OCHOBHI MEXaHi3MH, SIKi BiJIIOBIIAIOTH 3a
MeXaHI4HI BJIACTUBOCTI BUTOTOBJICHUX JAETallel, a came: 1) KUIbKICTh KJICIO0 B MaHENSX, 110 3B S3y€E
YaCTUHKH; 2) IIUIbHICTh NMaHeseH; 3) KUIbKICTb KIICIO JUIS JIAMiHyBaHHSI TTaHEIICH.

Omxe, B pe3ynbTaTi aHali3y JITepaTypHUX JPKEpesl BCTAHOBJIEHO, L0 JAEPEBOKOMIO3UIIIIHI
MaTepialii 34aTHI PpO3KJIAJaTHCA TPU EKCIUTyaTalii Ta HE BCTAHOBJIGHI IapaMeTpH, IO
3a0e3MeuyroTh iX CTIMKICTh 10 BTpAaTU MIIHOCTI. ToMy, BCTAaHOBJIEHHS MapaMmeTpiB MIIIHOCTI MpU
BUTOTOBJICHI KOMITO3UIIIA 3 JIEPEBUHH Ta BIUIMBY PEUYOBHUH, SIKI BXOJIATH JO iX KOMIIO3HUIIIH, 1
00yMOBUJIO HEOOX1AHICTh MPOBEIEHHS AOCIIIKEHb Y JAHOMY HAIPSIMKY.

Mera pgocuigxenHsi. Merolo poOOTH € BCTAHOBJICHHS  MILHICHUX — XapaKTEPHCTHK
TEIJIOI30JIAIIMHOTO BUPOOY 3 THUPCH JEPEBUHU I KIIGEHHMX CyMIIIed A BH3HAYEHHS YMOB iX
3aCTOCYBaHHI.

Marepiaau i MeToau gocaizkeHb. [ AOCTIIKEHHS MIIHOCTI TEIUIO30MALIHUX BUPOOIB 3
JIEPEBOKOMITO3HLIITHOTO Marepiaity (opMyBaiH 3pasKH pi3HHX CITIBBITHOIICHb NEPEBUHH Ta KIICIO,
30KpeMa, Ha BOJIOPO3YMHHUX KiiesiX (Tabi. 1), a Takoxk Ha mostiehipHUX 1 SMOKCHIHUX CMOJIaX, HUISIXOM
iX 3aminryBaHHs 3 THpCoro y nporopiri 1:2 [15] (puc. 1).

Tabmuusa 1 —IIponopuii TMpcH Ta Ki1eto npu GopMyBaHHI 3pa3KiB JAEPEBONOTIMEPHUX BUPOOIB
Ha BOJOPO3UYMHHUX KIIESIX

Tupca+xneir D4+Bona (100 r)
[Tapamerpu Crpyxka Krnen Bona
Bara 60,24 107,72 100
60,38 120,95 100
60,72 134,74 100
Tupca +xneit [IBA D3+Bona (200 1)
[Tapametpu Crpyxka Kreit Boga
Bara 60,3 100,9 200
60,3 102,53 200
60,4 107,9 200
Tupca +kpoxmanb+soza (100 )
[Tapamerpu Crpyxka Kpoxmans Bona
Bara 60,56 1443 240

a)

Puc. 1. 3pa3zku BUp0oOiB AJ1s1 JOCIIIKEHB: a — HAMBIFUTIHIP; O — CErMEHTH 151 BUTIPOOYBaHb
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3 oTpuMaHHUX cyMilei (opMyBanu HamiBUWIIHAPU po3Mipamu: 30BHIIIHINA giamerp — 40 MM,

BHYTPIIIHIHN giameTp — 24 MM 1 1oBXKUHOIO 0113bko 120 MM. 3pa3ku Ha BOJHIM OCHOBI BUTPUMYBAIIN
Yy CYXOIIOBITPSHOMY CEpEIOBHII, 3pa3Kh Ha CYXHX CyMilIax HOJIMEPHHX CMOJ CIIKajaH 3a
temmeparypu 200 °C npotsirom 20 xs. (puc. 1).

JJiss BCTaHOBJICHHS €KCIUTyaTaliiHOT epEeKTUBHOCTI JIEPEBO MOJIIMEPHOTO BUPOOY MPOBOIIIN
BH3HAYCHHS MIIIHOCTI HAa CTUCK. BM3HA4YeHHS MIITHOCTI HA CTUCK BUPOOIB 3 JIEPEBUHH MPOBOIMIN

srizmo 3 1SO 13061-3:2014 [15, 16].

PesyabTaTtn gociimkenb. Ha puc. 2 ta y 1abn. 2 mokazaHo pe3ynbTaTH AOCTIIHKCHB

CTIMKOCTI JIEpEeBOIOIIMEPHOTO MaTepially 10 CTUCKY.

Puc. 2. JlocmikeHHST Ha MIITHICTD TETUIO130ISAIIMHUX BUPOOIB 3 I€PEBUHU

Tabmuus 2 — Meska MiITHOCTI 3pa3KiB BUPOOY 3 TUPCH HA CTUCK IO TOBIIMHI CIIPECYBaHHS

Ne Maca Po3mipu, Mmm HaBanTaxenss, o, Jedopmarris,
3pa3ka | Mor b ‘ h ‘ d Pmax, H MlIla MM
Bupi0 3 Tupcu, kiero D4 1 Bogu (100 1)
1 28,81 | 42,50 56,00 | 37,91 2235,07 0,99 12,4
2 49,96 | 55,15 26,30 | 25,93 2236,64 2,12 7,8
3 43,81 | 47,92 24,40 | 31,06 2271,93 1,50 10,4
Bupi6 3 tupcu, kpoxmaito 1 Boau (100 r)
1 63,45 | 52,41 30,85 | 40,42 294,36 0,11 4,0
2 83,26 | 55,62 27,94 | 30,04 96,70 0,07 3,1
3 63,45 | 35,15 22,10 | 36,20 107,56 0,05 2,8
Bupib6 3 Tupcu, xiero [IBA D3 i Bogu (200 r)
1 48,26 | 36,03 65,00 | 29,71 2695,18 1,94 13,5
2 53,73 | 52,45 25,60 | 45,85 1494,87 0,45 10,7
3 49,34 | 4271 23,80 | 32,04 2131,87 1,32 12,2
Bupi6 3 THpcH 1 en0KCHIHOT CMOJTH
11 14,31 | 48,55 2515 | 25,30 2035,28 3,2 12,20
1.2 15,22 | 57,17 25,65 | 23,40 1184,40 2,0 11,70
1.3 14,75 | 55,77 25,60 | 25,00 1560,90 2,4 11,50
Bupib 3 Tupcu i nosiedipHoi cMoiu
2.1 12,82 | 48,00 | 3500 | 20,00 1139,81 2,3 6,60
2.2 15,12 | 58,15 25,30 | 20,05 1324,40 3,2 7,20
2.3 14,14 | 55,65 23,40 18,20 1184,40 2,0 6,70

JlocikeHHsT MIIIHOCTI Ha CTUCK M BHPOOIB 3 NEPEBHMHH HA BOJAOPO3UMHHUX KJIESX TIO
TOBIIMHI MIPECYBaHHS MOKa3al0 iX 3HaYHY KPUXKICTb. OCOOIMBY HU3bKY MIIHICTh [TOKa3aB 3pa3okK
BUTOTOBJICHHI Ha OCHOBI Kpoxmalio 3 cepeanim 3HaueHHsM 0,08 Mlla, kpaiie 3Ha4eHHsS] OTpUMaB
3pa3ok Ha kiero [IBA D3 — 1,24 MIla ta 3pa3ok Ha kiieto D4 — 1,54 MIla. J{ns 3pa3kiB Ha OCHOBI
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MOJIIMEPHUX CMOJI MIITHICTh HAa CTUCK CKJIAJIA: JUIsl €IIOKCUTHOT CMOJIH cepeiHe 3HaueHHs 2,53 MIla,
nomiedipuoi — 2,5 MIla. BecranosneHo, mo aedopmariisi mpu CTUCKY IO TUIOII MPECYBaHHS IS
BUPOOY BHTOTOBJICHOTO Ha OCHOBI €TMOKCHIHOI CMOJIHM TEPEBHINYE 3HAYCHHS Maibke B JBIUl IS
noiedipHOT CMOJIH.

Heo0xigHo 3a3HAaYMTH, IO TMPUCYTHICTH y JEPEBO MOJIMEPHOMY Marepiaii CHHTETHYHOI
CMOJIY MPU3BOJIUTH 10 YTBOPEHHS 3 TUPCOIO JEPEBUHU €1aCTUYHOTO LIapy CTIMKOTO 0 MEXaHIYHUX
KOJNIMBaHb. BoueBWAb Takuii MeXaHi3M BIUIMBY €JIaCTHYHOI KOMIIOHEHTH € TUM (HaKTOpOM
pEryitoBaHHS MPOIECY YTBOPEHHS KOMITO3ULIWHOTO IIapy, 3aBISKU SKOMY MEXaHI4Ha CTIHKICTh
30epiraerncs. Lle o3Havae, 1m0 BpaxXyBaHHS JaHOTO (PAKTY BIAKPUBAE MOXKIUBICTD I €()EKTUBHOTO
pEryJIIOBaHHS BIACTUBOCTSIMU JIEPEBO MOJIIMEPHOTO MaTepiany 6e31mocepeIHbO B yMOBaxX cepiiiHOro
MIPOMHCIIOBOTO BUPOOHHIITBA.

3icTaBlieHHsl EKCIIEPUMEHTAIbHUX IOCTIKeHb 3 BHU3HAUEHHS MEXaHIYHMX BIACTHBOCTEH
JIEpEBO TOJIIMEPHUM MaTepiaioM Ta TEOPETHYHHX MPUITYLICHb, O3BOJSIOTH CTBEPIKYBATH
HACTYIIHE: CYTTE€BUU BIUIMB Ha IPOLIEC MEXaHIYHOI CTIMKOCTI MpU 3aCTOCYBaHHI JEPEBUHHOIO
MaTepialy 3AIACHIOETbCA Y HANpsMKY OpIEHTAIll MPUPOJHOTO Marepialy Ta BIACTUBOCTEH
MOJIIMEPHOTO MaTepiany.

Pazom 3 THM € MOXIUBICTh 3HHU3UTH T'YCTHHY BUPOOY HUISXOM IMPOBEICHHS MOTiMEpH3alii
CYMIIII 3 CHHTETUYHOI CMOJIM Ta JAEPEBHOI THPCH, IO Pa30M 3 TUM TalibMy€ TEIUIONPOBiIHICTh. Bee
1€ Ti/IBUIIYE KOJOTIYHICTh BUPOOIB 3 AEPEBUHM, OCKUIBKH BiICYTHI BUAUICHHS XIMIYHUX PEYOBUH
Ta po3muproe chepy ii 3acTocyBaHHS.

BHCHOBKHM Ta NepcneKTHBH MOAAIBIIMX AOCTiIKeHb. J(OCTiPKEHHS MIITHOCTI Ha CTHCK
HaBEJICHUX JCPEBOIOIIMEPHUX BHPOOIB IMOKa3aJid, IO BHPIO Ha BOJOPO3UYMHHHMX KIIESAX € OLIbIIT
KPUXKUM. MIIHICTh Ha CTHCK BHPOOY, BUTOTOBJICHOTO HAa OCHOBI KPOXMAJIO, 3HIKYETHCS y 22
pas3u, nopiBHAHO 3 kieeM D4 ta y monazn 30 pasiB, HOPIBHSAHO 3 MOJIMEPHUMH cMojamu. binbury
MEXY MIIIHOCTI MalOTh BHPOOH, siki BUroTOBICHI Ha Kieto [IBA D3 ta D4, mMexa MIITHOCTI SIKUX
3MEHIIY€EThCA TiMbkU Yy 1,6 pasu, moOpiBHSIHO 3 BHPOOOM Ha OCHOBI mMoJiedipHOi CMOJH.
BcranoBieno, mo nedopmarisi mpu CTHCKY MO TOBIIMHI NpPECyBaHHS UIsi BUpoOOy HAa OCHOBI
€MOKCH/IHOT CMOJIH MEePEBUIILYE 3HAUCHHS 11 MoJieipHOT cMOIM Maixke y JIBiui.

[Momanbmi JOCHIKEHHS MOXYTh OyTH CIPSIMOBaHI Ha BCTAHOBIJICGHHS B3a€MO3B'S3KY MiX
CKJIaJIOBUMU Ta BIIACTUBOCTSIMH BOJOPO3UMHHUX KJIETB, a TAKOXK 1X ONTHUMI3ALIiIO.
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Abstract. The article emphasizes that wood is a good insulating material because it has low
thermal conductivity. However, it also has negative properties, such as a tendency to rot, which can
occur due to moisture or inefficient ventilation, etc. To study the strength of wood-composite
insulation products, samples of different ratios of wood and adhesive were formed, in particular,
with water-soluble adhesives, as well as with polyester and epoxy resins, by mixing them with
sawdust in a 1:2 ratio. The use of binders based on synthetic resins in the formulation of thermal
insulation products from sawdust improves environmental safety and weather resistance of
products, as such resins are characterized by resistance to water and temperature changes. It also
reduces the formation of microorganisms in the structure of the product, because the material that
insulates the building becomes stronger and harder, and does not sag over time. All of this leads to a
reduction in the labor intensity of laying thermal insulation for a building and the possibility of
insulating heat-generating equipment and heat-carrying pipelines, reducing the consumption of
building materials and reducing the share of energy for heating. The study of compressive strength
showed that sawdust products with water-soluble adhesives are more fragile and the compressive
strength for starch-based adhesives is 22 times lower than for D4 adhesive and more than 30 times
lower than for polymer resins. The samples with PVAc D3 and D4 adhesive have a higher tensile
strength than those with polyester resin, so the tensile strength decreases only 1.6 times.
Accordingly, the compressive strain along the compression thickness for the epoxy-based product
exceeds the value for polyester resin almost twice.

Keywords: building structures, wood sawdust, thermal insulation, compressive strength,
polymer resins, efficiency.
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Abstract. When designing of berthing structures (quay walls), the determination of the pressure
of reinforced backfill soil plays an important role. The ability of berthing structures to withstand loads
depends on many factors, including their age, mode of operation, changes in the characteristics of
construction materials, soil bases over time and others. In some cases, the ability to withstand loads
decreases significantly over time, while in other cases it increases significantly. Sometimes, the ability
of the structure to withstand loads increases during the first period of operation, and then decreases. In
some cases, on the contrary, it decreases in the initial period, but then increases. Therefore, it is not
possible to establish the actual value of the bearing capacity of structures only theoretically due to the
lack of information about the technical condition at this stage of operation, as well as the difficulty of
identifying the actual picture of the interaction between the structure and the grounded medium. This
task can be solved through experimental and theoretical studies.

It is essential to investigate the stages of development and market introduction of innovative
materials in the field of hydraulic engineering, to justify the possibility of increasing the reliability and
the load-bearing capacity of corner-type structures with a buttress during reconstruction with the use of
geotextile materials. These structures were built in the past and require modernization and
reconstruction. The issue of reconstruction of corner-type structures with a buttress is relevant for
Ukraine ports. Currently, there are no unequivocal methods of determining the effectiveness of berths
reconstruction due to the complexity of the task given to the number of variables.

The article describes the determination methods of the reinforcement effect by geotextile
material; developed models taking into account not only the structure and characteristics of the
geotextile materials but also its location in the ground mass. Therefore, the model considers both the
parameters of the backfill soil and the geomaterial characteristics and the depth of their embedment.

Keywords: berthing structures, reconstruction, geotextile materials, the backfill soil, the
reinforcement effect, corner-type structures with a buttress.

Introduction. Ports are a connecting link between sea and land transport. To fulfil their purpose,
ports must have facilities that meet the requirements of various means of transport, be equipped with
powerful transshipment machinery, and boast modern routes from the sea and the land.

The National Transport Strategy of Ukraine for the period of up to 2030 [1] says that seaports
located on the territory of Ukraine in the Black Sea-Azov Basin and the Danube Delta have a total
capacity of more than 230 million tons per year.

The document underlines that the Strategy implementation needs tasks in the main areas to be
carried out, including: competitive and efficient transport system; innovative development of the
transport industry and global investment projects.

Most investment funds for infrastructure improvement are expected from external sources,
primarily from international financial institutions, private investors and public-private partnership
projects. Attracting investment funds from such sources to innovative transport projects is a condition

106 Modern construction and architecture, 2024, no. 10, page 106-116




HYDROTECHNICAL AND TRANSPORT CONSTRUCTION

for developing the transport industry, national security, and the country's competitiveness.

The Strategy also indicates general issues that need to be solved. They include lack of transport
industry funding, low level of resource management and insufficient measures for the stable
development of enterprises in the transport industry, high level of wear and tear of fixed assets (the
degree of wear and tear of fixed assets of transport and warehouse enterprises in 2014 amounted to
97.9 per cent), technological backwardness of transport and infrastructure, low level of introduction of
modern technologies and implementation of innovative policy in the transport sector.

The results of ensuring the actual depths in seaports and approach channels in compliance with
the established passport characteristics, development of deep-sea seaports, etc., are expected for the
modernization of river transport and deep-sea seaport infrastructure.

Statement of the problem. One of the main active factors for the development of water
transport in Ukraine is the state of waterways and hydraulic facilities and structures, which are the most
important components of the industry's transport infrastructure.

Hydrotechnical structures include engineering and technical structures (quay walls, mooring
structures, piers of all categories and designations, enclosing and protective hydraulic facilities)
designed to ensure safe approach, maneuvering, mooring and departure of vessels and to protect the
water area of the port or coastal strip.

The Strategy for the development of seaports of Ukraine for the period up to 2038 [2] provides
for the creation of capacities for processing in seaports of at least 250 million tons of cargo per year
and ensuring the effective development of port infrastructure facilities, the introduction of innovative
activities by seaports through the application the recent technologies, increasing the efficiency of the
use of transshipment complexes of seaports to 75 — 80 per cent.

Over the years, starting from the second half of the 20th century, the quay front increased in two
directions: due to the reconstruction of existing ports and wharves of the old structure and due to the
construction of new ports, including two largest ports — Chornomorsk and Pivdennyi, which were
created precisely at this time period. The construction of new ones and repeated reconstruction of
existing ports ensured the availability of loading and unloading capacities, which mainly meet the
country's needs. However, a significant part of the quay front remains unsatisfactory and needs
reconstruction, technical re-equipment, and significant repairs. Therefore, the number of the old fund
quays in Ukraine amounts to 30 — 35% of all existing quays; this is a good foundation for introducing
innovative technologies and new materials to increase the carrying capacity and raise cargo turnover.

Open-piled quay walls and sheet-pile quay walls are the most common types of quay walls used
for berths in Ukrainian ports. However, there are corner-type structures with a buttress. The share in the
total the waterfront is not large. They were built in the past and require modernization and reconstruction.

The successful development of commercial seaports is impossible without constant engineering
and scientific research related to the functioning of hydro-technical structures and equipment,
movements and deformations of structures, and determination of the possibility of their further
operation under increased cargo turnover of ports. An important issue in hydraulic engineering implies
also determining the expediency of reconstruction of existing structures or the construction of new
ones and modernization of existing facilities based on modern innovative technologies. This finds its
practical application in the form of the development and implementation of relevant, innovative
projects. One of the promising innovative ways in this direction is the use of geotextile materials. The
effectiveness of the evaluation of any project is determined by the methods chosen for its
implementation, i.e. a set of techniques and operations used for project evaluation. Under conditions of
competition, there are always three components of justification — cheaper, faster, and better quality.
Therefore, in modern conditions, highly effective projects of modernization of quays with innovative
materials, which are a way to increase investments in ports, occupy a rather important place.

The analysis of many years of experience in scientific research, design and construction shows
various ways of achieving effective results: the refinement of calculation methods, changes in the
structural forms and profile of buildings, and the development of a more progressive technology for
their construction. Thus, it is important to determine the effectiveness of using innovative materials that
lead to cheaper construction or reconstruction of marine berthing structures and to increase the
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reliability and bearing capacity.

Currently, there are no unequivocal methods of determining the effectiveness of berth
reconstruction due to the complexity of the task given to the number of variables. In particular,
marine berthing structures are in a constant state of stress, operate under aggressive environmental
conditions, and are characterized by reduced maintainability.

Analysis of research and publications. In most practical applications, reinforced soils are
obtained by incorporating continuous reinforcement inclusions (for example, strip, bar, sheet, mat,
or net) within a soil mass in a definite pattern. The literature has explained the reinforcing
mechanisms for such reinforced soils in different forms since Henry Vidal developed the first
modern form of soil reinforcement in 1966.

Later on, such scientists as R.H. Basset [3], K.Z. Adraves [4], Yu.V. Feofilov [5],
M.F. Drukovanyi [6], Yu.B. Balashov [7, 8], O.A. Ruban [9] and others studied the issues related to
soil reinforcement. The results of studies on field applications of reinforced soils show that much
care is required. Since the influences of engineering properties of soil and geotextile, and the scale
effects on the stress-strain characteristics of reinforced soils have not been investigated fully on a
large scale, the actual behavior of reinforced soils is not yet sufficiently studied.

Various small-scale laboratory experiments were performed on sand soils (e.g., V.A. Guido,
A.V. Sweeny [10]; K.H. Khing, B.M. Das et al. [11]; T. Yetimoglu, Wu, A. Saglamer [12]) using
single or multilayered of geomaterial. It was confirmed by most researchers that there was a significant
increase in bearing capacity and a decrease in settlement of soil reinforced with geomaterial. The
increase in bearing capacity of reinforced foundation is defined in terms of bearing capacity ratio,
which is defined as the bearing capacity of reinforced soil to that of unreinforced soil.

A layer of geomaterial reduces the outward horizontal stresses transmitted from the overlying
soil backfill to the top of the underlying soil. This action of geomaterials is known as shear stress
reduction effect. This effect results in a general-shear, causing an increase in the load-bearing capacity
of the foundation soil (R.D. Espinoza and J.D. Bray [13]; M.T. Adams and J.G. Collin [14]).

P.L. Bourdeau et al. [15], J.P. Giroud et al. [16] performed research that showed that a layer
of geomaterial redistributes the applied surface load in the backfill soil. This leads to a decrease in
pressure and a reduction of stress in the foundation soil. They have proven that the friction
mobilized between the soil and a layer of geomaterial plays an important role in decreasing soil
pressure. The results of experimental studies of soil reinforcement with geotextile materials are
devoted to works by S.V. Bugaeva and A.A. Baranova [17, 18], which demonstrated the
effectiveness of their use for reinforcing the soil bases of structures.

Based on the above, it should be noticed that so far maximum use of soil reinforcement
technology has been made in the construction of Retaining walls. Due to limited awareness among
practicing engineers and the high cost of reinforcing materials the technology of soil reinforcement
for berthing structures has not found its widespread in our country. A literature review has been
done that has given the idea to research issues of determining the stability coefficient of berthing
structures when reinforcing the backfill soil.

The purpose of the research is to perform theoretical and experimental studies to evaluate
the use of geotextile materials in hydraulic engineering.

The tasks of the research are as follows:

— to determine the effectiveness of using innovative materials in the field of hydraulic
engineering;

— to carry out experimental studies to establish the effect of reinforcement on the wall when
using geotextile materials located in the backfill soil and the most effective placement;

— to substantiate the possibility of increasing the reliability and bearing capacity of the berthing
structure during construction and reconstruction with the use of geotextile materials in the backfill soil;

— to compare the results of experimental studies with the results obtained in the PLAXIS
software package;

— to apply the research results to a corner-type structure with a buttress to analyze the
preliminary reconstruction options.
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The research methods:

— the theoretical method — to determine the reliability and bearing capacity of berthing
structure with the use of geotextile materials;

— the experimental method — to establish the effect of reinforcement on the wall and determine
the most effective placement of the geotextile materials in the backfill soil.

The results of the research. In the last 20 — 30 years, an exciting and promising material
called "geotextile™ or "geosynthetic™ appeared in the construction domain. The root "geo" indicates
the field of application of these materials: they are used as reinforcing nets or waterproofing
membranes in structures and buildings whose foundation is loose rock such as soil, sand, gravel
mixtures, etc. "Synthetics” and "textiles™ reflect the composition of materials, the method of their
manufacture and appearance: fabrics, felt, films and other relatively thin, light materials of a large
covering area.

Synthetic polymers give geotextiles specific favourable properties for polymers: water and
frost resistance, universal corrosion resistance, low weight (density of polymers is about 1 g/cm?),
and high tensile strength.

Disadvantages of polymers (such as rapid ageing under direct solar radiation (UV
component), a sharp drop in strength when heated to 80°— 120°C and flammability) when used in
structures where the bulk of the volume is made up of loose rocks that protect polymers from light
and temperature effects, are blocked.

Currently, the term geosynthetic materials (GM) is used more often, so attention will be paid
to it in the future. The field of application of geosynthetic materials is quite broad: road,
hydrotechnical, underground, and nature protection construction; it is also advisable to use GM in
landscape design.

The use of geosynthetic materials in construction has fundamentally changed the nature of
works related to the fastening of slopes, construction of retaining walls, and road foundations. Large
volumes of concrete and earthworks become unnecessary, so sand and reinforcing geogrids,
geotextiles, and geolattices are used to obtain the desired result.

In the case of arranging water reservoirs or storages, film
geosynthetic materials, nets and, again, local soil are used.
Thus, the use of geosynthetic materials has a considerable
economic effect, reducing and even eliminating the use of such
materials as concrete, steel, and imported natural stone and
facilitating the work. AIll this leads to a minimum
environmental intervention, making geosynthetic materials
ecologically effective, which is the most crucial advantage and
necessary quality these days.

Fig. 1. Application of geotextile GM is widely used to prevent soil erosion and protect the
in environmentally friendly  shores of reservoirs and their landscaping (Fig. 1). Anti-erosion
construction mats are an alternative to traditional methods of anti-erosion

protection made of concrete, stones or wooden gratings.
Another significant advantage of these materials is that even
before the formation of the vegetation layer, the mats prevent
the occurrence of erosion processes.

In the practice of hydrotechnical engineering, GM,
namely bentonite geomembranes, are used as waterproofing
when installing anti-filtration curtains, dams or water walls, as
well as for the organization of waterproofing screens of
reservoirs, ponds, and reservoirs (Fig. 2). The use of
geomembranes provides guaranteed long-term waterproofing

Fig. 2. Application of (several tens of years), even in aggressive environments.
geotextile in hydraulic There are other areas of application of geosynthetic
engineering materials. When choosing one or another GM, it is necessary to
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consider its properties, largely determined by the type and structure of polymers used for their
production. The type of polymer the material is made of determines its resistance to temperature
effects, short-term and long-term strength, resistance to ultraviolet rays, aggressive environments,
etc. In addition, it is very important to strictly follow the recommendations on the production
technology of works using geosynthetic materials.

As for the facilities and structure reconstruction, the use of geomaterial is very relevant. This
material is easy to install and lay, it does not have a large weight, and, in terms of its characteristics, is not
inferior to traditional materials. It can be used in the reconstruction of facilities in conditions of limited
space or where reinforcement is required without a substantial weighting of the existing structure.

The results of experimental studies. The experimental studies were conducted to establish the
effect of reinforcement on the front wall when using geomaterial located in the backfill soil and its
most effective placement. Innovative geomaterial — Typar SF — was considered.

To determine the most effective placement of the geomaterial, several studies (minimum of 3
experiments in each series of studies) were carried out, such as:

1. Tray with sand and load located on the backfill surface.

2. Placement of geomaterial in 2 layers for 1/3 and 2/3 of the entire height of the wall.

3. Placement of geomaterial in 1 layer for 1/3 of the entire height of the wall.

The experimental tray has the following dimensions: length 81 cm, width 69 cm, height 48
cm. The load is located on the surface in the form of an evenly distributed load and is applied at
levels of 60 kg, 120 kg, 180 kg, and 240 kg.

Sensors were calibrated before conducting experiments. Movements are measured using
clock-type sensors. Graphs are drawn for 3 sensors (Fig. 3).

140
120
100
80
60
40
20
0

0 15 30 45 60 75 kr

Fig. 3. Calibration curves:
—— Sensor 1; —— sensor 2; sensor 3

When moves are received, a reverse operation will be performed for the loaded tray. Further,
the effect of reinforcement in % and the comparison of the results are determined.

The results of experimental studies (Sensor indications and pressure of the backfill soil on the
wall) depending on the placement of the geomaterial are shown in Tables (1 — 6).

Table 1 — Sensor indications without reinforcement

Loads on the backfill surface
Sensors 0 ‘ 60 ‘ 120 ‘ 180 ‘ 240
Sensor indications
Sensor 1 76 83 90 104 118
Sensor 2 76 84 93 102 115
Sensor 3 74 85 86 96 120
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Table 2 — Backfill pressure without reinforcement

Backfill pressure Loads on the backfill surface

on the wall for 0 | 60 | 120 | 180 | 240

3 experiments Backfill pressure
Pl 51 55 58 67 76
P2 37 42 48 55 63
P3 48 54 55 61 74

Table 3 — Sensor indications with the laying of one layer of geotextile 1/2H
Loads on the backfill surface
Sensors 0 | 60 | 120 | 180 | 240
Sensor indications

Sensor 1 74 84 94 106 118
Sensor 2 72 83 94 104 114
Sensor 3 59 71 77 87 97

Table 4 — Backfill pressure with the laying of one layer of geotextile 1/2H

Backfill pressure Loads on the backfill surface
on the wall for 0 | 60 | 120 | 180 | 240
3 experiments Backfill pressure
Pl 50 55 61 68 76
P2 34 42 49 56 63
P3 40 46 50 55 61

Table 5 — Sensor indications with the laying of 2 layers of geotextile 1/3H i 2/3H

Loads on the backfill surface
Sensors 0 | 60 | 120 | 180 | 240
Sensor indications
Sensor 1 75 79 91 105 119
Sensor 2 74 79 89 97 108
Sensor 3 48 56 88 98 109
Table 6 — Loads with laying of 2 layers of geotextile 1/3Hi 2/3H
Backfill pressure Loads on the backfill surface

on the wall for 0o | 60 | 120 | 180 | 240

3 experiments Backfill pressure
P1 50 53 59 68 76
P2 35 39 46 51 59
P3 35 39 56 62 68

Determining the effectiveness of reinforcement. Using formula (1), we determine the
effectiveness of geotextile reinforcement.

E =
Ppy

P.,, — backfill soil pressure on the wall without geotextile reinforcement;

P. — backfill soil pressure on the wall with geotextile reinforcement;

E — effectiveness of geotextile reinforcement.

The effectiveness of reinforcement depends on the geotextile layers and the load on the backfill
soil surface, as is shown in Fig. 4, 5. The effectiveness of reinforcement is calculated as a percentage.

PTLT'_PT

1)
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Fig. 4. Effect of reinforcement with laying of one layer of geotextile

15 7 182

10 [

; 47
0 1,1

Reinforcement
effect, %

0
0 60 120 180 240

Load on the experimental tray, kg

Fig. 5. Effect of reinforcement with laying of 2-layer geotextile

Thus, we can conclude:

— maximum effect of reinforcement in 2 layers was obtained from the beginning of the load
after the effect decreased;

— after the penetration of soil particles into the pores of the geomaterial, the reinforced layer
begins to work as a composite, which leads to an increase in the effect of reinforcement.

Calculation results in the software complex Plaxis 2D. Plaxis is a simple and convenient
package of ordinary element programs for performing calculations of complex geotechnical projects
in modern construction. In the process of two-dimensional and three-dimensional calculations
available in Plaxis programs, stresses, deformations, and strength (stability) in complex
geotechnical systems are determined, considering the joint work of engineering structures and their
interaction with the soil at the construction, operation and reconstruction stages.The calculation
scheme, with a uniformly distributed load, was created in the Plaxis 2D package. Fig. 6-8 presents

the calculation results showing how the load located on the surface of the backfill is distributed
along the wall.

Fig. 6. Load distribution Fig. 7. Load distribution Fig. 8. Load distribution
on the wall without on the wall with laying on the wall with laying
reinforcement of one layer of geotextile of 2-layer geotextile
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In order to find out that the software complex Plaxis can be used for the correct calculation of
full-scale structures, the results (on a tray in the laboratory and simulated in the program) must be
identical or have acceptable differences.

For this purpose, a soil tray was simulated in the software complex and loaded with a similar
load. It was reinforced and the forces in the front wall were determined.

The backfill soil characteristics in the software complex and the backfill of the soil tray are
similar. A comparison of the results was performed. The results of the conducted studies are
presented in Fig. 9.

80 The experimental results Calculation results in the Plaxis 2D
66,7 67,7
59,3 60,3

60 52,3 53,7
40
20

0

0 60 120 180 240

Loads on the backfill surface, kg

Fig. 9. Comparison of the obtained results. Backfill pressure with
the laying of one layer of geotextile 1/2H

A comparison of results have shown that the differences in results is about 5%. Given these
results, it can be concluded that the use of the Plaxis 2D software complex for calculations of full-
scale structures using innovative geotextile material in the future is feasible.

The calculation results of the berthing structure in the software complex Plaxis 2D. The
research results have been applied to a corner-type structure with a buttress to estimate the
correctness of the obtained results and to analyze the preliminary reconstruction options.

The mentioned structure has been calculated in the software complex Plaxis 2D. Stability
coefficients have been determined depending on the location of the geomaterial. The research
results are presented in Fig. 10-12.

Fig. 10. Sliding surfaces Fig. 11. Sliding surfaces Fig. 12. Sliding surfaces
without reinforcement. when reinforcement in one when reinforcement in two
The stability coefficient level. The stability levels. The stability
is1.19 coefficient is 1.25 coefficient is 1.37

A comparison of calculation results shows that the stability coefficient significantly increases
with using geotextile materials for reinforcement. When reinforcement is in two layers horizontally,
plastic and elastic-plastic zones practically do not appear behind the structure. This makes it possible to
increase the load on the surface of the berthing structure without reducing operational reliability.
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Possible reconstruction options of a corner-type structure. The study's results applied to a
corner-type structure with a buttress to analyze the preliminary reconstruction options. Possible
reconstruction options of a corner-type structure when geomaterial is located in 1 level at 1/3 of the
entire height of the wall and 2 levels at 1/3 and 2/3 are shown in Fig. 13.

Reconstruction options of a corner-type structure

A 4

The creation of edges
in the form of a

bulwark or overpass,
which is built in front |
of the existing quay

|—-» The load on the surface of
_ the backfill

The construction in
the backfill behind the
existing bulwark of
shielding elements _
with an unloading
platform covering the
space between the
walls and without it

Placement of geomaterial in
1 level at 1/3 of the entire
height of the wall

Innovative materials

Placement of geomaterial in
- I_' 2 levels at 1/3 and 2/3 of the
;':;e Cnolgztdr_uncé'glna;‘;rm entire height of the wall

u [
and additional pillars

for its support

Fig. 13. Possible reconstruction options of a corner-type structure

Conclusions:

— when using geotextile materials in the backfill soil the stability coefficient of the structure
increases. This reduces the forces and deformations in the elements of the structure. Using
geotextile material leads to a reduction in material consumption and cost. The research has
confirmed the reduction of pressure in the backfill soil;

— the research result has confirmed that geotextile material reduces pressure in the backfill
soil. Experiments have shown that the reinforcement of the backfill soil behind the structure with
geotextile material is a promising type of reinforcement or "strengthening™ of structures. Vertical
reinforcement in the form of two screens showed that displacements decreased without load;

— the calculations have shown a lower efficiency in the reinforcement of the backfill soil in
comparison with the results of the experiments. This is because the Plaxis does not consider the
force of friction of the soil against the vertical wall of the structure. However, even with this
shortcoming, the calculation results showed a reduction of pressure on the wall of the structure;

— innovative projects make it possible to solve complex problems of attracting financial
resources for modernization. The value of such projects lies in the fact that using modern methods
in the field of hydraulic engineering with geotextile materials significantly reduces the necessary
capital investments. This leads to cheaper construction or reconstruction of existing structures while
increasing the reliability and the strength of the objects.
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AHoTauisg. Bu3HaueHHS THCKY apMOBaHOTO IPYHTY 3aCHIKH Ha NPUYAIBHY CIIOPYIY Bifirpae
BO)XJIMBY posib. HaBaHTaxyBajlbHAa CIPOMOYKHICTh NIPUYAIIBHUX I'JIPOTEXHIYHUX CIIOPYA 3aJIE€KHUTh Bij
Oaratbox (hakTOpiB: iX BIKY, PEKHMY €KCIUTyaTallii, 3MIHA XapaKTEePUCTHK MaTepiaiiB KOHCTPYKIIIH,
IPYHTIB OCHOBHU Ta 3aCHIIKU B 4Yaci Ta iH. Y JESKUX BHIAJKaX 3 YaCOM BOHA 3HAYHO 3HUXKYETbCS, a B
IHIMX — 3HA4YHO 3pocTrae. [HOAI HaBaHTaXyBaJibHA CIIPOMOXKHICTH CIIOPYJ Y TEPIIMNA Iepioj
eKCIUTyaTallii 30UIbIIYEThCS, a Ha/lalll 3HMKYEThCS. Y Psijii BUMA/IKIB HABIIAKU — Ha MMOYATKOBUH Mepioj
3HIKYETBCS, @ 3r0IOM — 3pocTae. ToMmy BCTaHOBUTH (DakTHUHE 3HAYCHHS HABAaHTAXXKYBaJIbHOL
CIIPOMOXHOCTI CIOpYJ| JIMIIE TEOPETMYHUM NUIIXOM HE € MOXJIMBUM 4Yepe3 HEJAOCTaTHICTb
iHpopMarii mpo TEXHIYHWK CTaH Ha JAHOMY €Talll eKCIUTyaTallii, a TaKOX CKJIaJHOCTI BUSBIICHHS
JIACHOT KapTUHM B3a€MOJII CLIOPYIH Ta IPYHTY OCHOBH. Lle 3aBaHHs Moke OyTH BHpIlLIEHE JIUILE B
pe3yNIbTaTi KOMIUIEKCHUX €KCIIEPUMEHTAJIBHUX Ta TEOPETHYHUX JOCIIKEHb.

AHani3 0co0nMBOCTEH NPUYATBHOTO (PPOHTY MOPCHKHMX MOPTIB YKpaiHU CBIAYUTH MPO
3aCTOCYBaHHS, TOJIOBHUM YWHOM, CIIOpYX SIKi 3BE€IEHI, B OCHOBHOMY, y mepion micis Jlpyroi
cBiToBOi BiiiHM. [Ipy 1bOMY HaWMOMIMPEHIIMMU KOHCTPYKTUBHHUMHU PIIIEHHSMU OYJiH MaabOBi
ecTakajy, BKIIOYaloun OOISIMIBKH i OonbBepkH 3i mimmyHTa. OJHAK € COpYIH KYTOBOTO THUIY 3
KOHTpQopcoM, siKi Oyiau moOyqoBaHi B MUHYJIOMY Ta MOTPeOYIOTh MOJAEpHi3alii i PeKOHCTPYKIII].
Yacrtka y 3aralbHOMY pHYIbHOMY ()POHTI TaKUX CHIOpyH ckianae npudnm3no 10%. BaximBumu
i aKTyalbHUMHU HalpsMaMM MOAAJBIINX JTOCITIIKEHb, CIPSIMOBAaHUX Ha BJIOCKOHAJIECHHS 1 PO3BUTOK
MpUYaIbHOrOo (POHTY MOPCHKUX MOPTIB YKpaiHU, € po3poOKa 1 BIPOBAIKEHHS B NPAKTUKY
MOPTOBOTO TiAPOTEXHIYHOrO OYJIIBHUIITBA BJIOCKOHAJIEHUX METOJIB OYIIBHHUIITBA 1 PEKOHCTPYKIIT
ICHYIOUHX MPUYAIbHUX CIIOPYA.

VY craTTi pO3MIIHYTO METOJM BU3HAYEHHS €(PEeKTy apMyBaHHs I'€OTEKCTUIBHUM MaTepiajloMm,
PO3pO0IEHO MOJENI, MO BPaxOBYIOTh HE JIUIIE CTPYKTYPY Ta XapaKTEPUCTHKH T€OTEKCTHIIBHUX
MaTtepialliB, a 1 iXHE pO3TalllyBaHHS B I'PYHTOBOMY MacuBi. TakUM YHMHOM, MOJEIb BPaXOBYe SK
napaMeTpu TPYHTY 3aCUIIKH, TaK 1 XapaKTEPUCTHKH T€OTEKCTWJIBHOTO MaTepialy Ta TIIMOWHY iX
posranryBaHHs. ONUCaHO pPe3yJIbTaTH €KCIIEPUMEHTATBbHUX JOCHIPKEHb 3 BCTAHOBJIECHHS €QEKTy
apMyBaHHSI Ha JIMLIbOBY CTIHKY IPU 3aCTOCYBaHHI I'€OTEKCTUJIBHUX MaTepiaiiB, PO3TAILIOBaHUX B
3acurii. OOrpyHTOBAaHO MOXIIMBICTH MiJABHUILIEHHS HATIHHOCTI Ta HECY4Oi 3AaTHOCTI MPHUYATbHHUX
CHOPYJ NMpU PEKOHCTPYKIIi 3 BUKOPUCTAHHSAM T€OTEKCTUJIBHUX MaTepiaiiB y I'PYHTOBIN 3acUIILI.
JUis OLIHKM KOPEKTHOCTI OTPUMaHHMX pe3y/lbTaTiB BUKOHAHO MOPIBHSIHHSA €KCIIEPUMEHTATbHUX
JaHUX 3 JaHMMH, OTPUMaHMMU B mporpamHoMy Komiuiekci Plaxis. Ha ocHoBi opepxkaHux
pe3yibTaTiB JOCHIKeHb BUKOHAHO aHaji3 MOMNEpEeAHIX BapiaHTIB PEKOHCTPYKIIi A CIOpyAd
KYTOBOTO TUITY 3 KOHTP(OpPCOM.

KurouoBi cioBa: npuvanbHa cropy/ia, peKOHCTPYKIIisS, T€OTEKCTUIBHUNA Matepian, epexT
apMyBaHHS, CTIOPYIM KyTOBOTO THITY 3 KOHTP(OpCOM.
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Abstract. This article is devoted to studying of decentralized supply-exhaust ventilation systems
(DSEVS) with heat recovery, which are an important element for ensuring energy-efficient air
exchange in modern hermetic buildings. The problems of natural ventilation, which in modern
conditions cannot provide an adequate level of air exchange without heat loss, especially in winter and
summer, have been studied, and the effectiveness of mechanical ventilation systems has been
substantiated. A comparison of centralized and decentralized systems is made, highlighting the
advantages of decentralized systems in terms of ease of installation, space saving and the possibility of
installation in already renovated premises. In the work, three samples of DSEVS equipped with copper
heat exchangers, which provide high heat transfer, were analysed. The main goal of the study was to
identify the strengths and weaknesses of the existing devices and develop recommendations for their
improvement, taking into account the climatic features of the regions of Ukraine and Europe.

On the basis of the conducted research, the results of the efficiency of each of the systems, which
are sufficiently close to each other, were obtained. This, accordingly, was expected, since the heat
exchangers of these systems are made of the same material — copper. During the tests, the need for
better tightness of each of the systems was determined, which can improve the results of their
efficiency in the future. At the same time, the results of these studies may vary depending on the
determination of the real air consumption of each of the devices, as well as the mass balance of the
supply and exhaust air flows, which may differ.

The study confirms the effectiveness of countercurrent systems working on simultaneous inflow
and extraction as optimal solutions for maintaining a comfortable and energy-efficient microclimate.
The obtained results can be directed to the optimization of the design of the DSEVS and the possibility
of operation of such systems in combination with natural or other mechanical ventilation systems.

Keywords: decentralized ventilation systems, recuperator, energy saving, air quality, air exchange.

Introduction. Today, people spend a significant amount of time indoors, so indoor air quality
has a significant impact on their health. However, this indicator has deteriorated over the past
twenty years. The main reason for this is the growing demand for energy conservation and energy
efficiency, which has made buildings much more airtight. As a result, natural air exchange is no
longer sufficient to ensure optimal ventilation. This has increased the urgency of developing energy-
efficient supply and exhaust ventilation systems for buildings. One of the possible solutions is the
creation and implementation of decentralized supply and exhaust ventilation systems (DSEVS)
using recuperative or regenerative heat exchangers.

Therefore, testing existing decentralized ventilation devices, identifying their strengths and
weaknesses, and developing recommendations for the production of a new energy-saving
regenerative heat exchanger, taking into account the climatic conditions of the regions of Ukraine
and Europe, is an important and urgent task, since such devices play a key role in ensuring the
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energy efficiency of buildings and improving air quality in the modern environment.

The relevance of this study is due to the advantages of decentralized ventilation systems,
which allow to effectively solve the issues of air exchange in the conditions of modern construction
and operation of buildings [1-3]. The main advantages are their relatively low cost, which makes
such systems more affordable compared to centralized installations. In addition, the compactness of
decentralized systems minimizes the required space for their installation, as they do not require the
use of air ducts, grilles, and other shaped elements of the air duct network. Another important
advantage is the ability to install in buildings that have already been renovated, as such systems do
not require significant changes in the construction or design of the premises. Thus, decentralized
ventilation systems are one of the options for providing ventilation of premises [4, 5].

Analysis of recent research and publications. The analysis of recent publications covers
various aspects of the use of decentralized ventilation systems, research on their efficiency and
comparison with other types of ventilation systems, for example, by pressure generation method,
purpose, design, etc. Particular attention is paid to the efficiency index, which provides an accurate
analysis of energy efficiency.

Natural ventilation ensures air exchange due to natural physical processes - the difference in
temperature and pressure inside and outside the building. However, its efficiency varies significantly
depending on the season. In summer, when the temperature difference between the room and the
outside environment is minimal, air exchange is significantly reduced, which often leads to a decrease
in the required air exchange. In winter, on the contrary, a sharp temperature difference increases the
intensity of ventilation, which leads to excessive heat loss and increased heating costs [6].

Fluctuations in the efficiency of natural ventilation create an additional burden on other
ventilation systems, especially in sealed spaces that require stable air exchange to maintain a
healthy microclimate. In such conditions, natural ventilation is not able to provide an adequate level
of air quality control, especially in modern buildings with a high level of energy efficiency [7, 8].

These disadvantages make mechanical ventilation systems, especially decentralized ones, a
more effective solution, as they provide stable and controlled air exchange regardless of external
conditions, maintaining both comfort and energy efficiency of the room.

There are two main types of mechanical ventilation systems: centralized and decentralized.
Centralized ventilation systems are complex and multi-component engineering solutions. Their
installation takes considerable time and requires many additional elements, such as air ducts,
deflectors, grilles, adapters, cabling and wiring products, and fasteners, which significantly increases
the total cost of the project and installation work [9, 10]. Since air ducts accumulate dust over time,
their maintenance is quite laborious and requires regular intervention to ensure cleanliness and proper
operation. In residential premises, centralized ventilation ducts are usually installed in ceiling
structures, which often leads to the need for repair work after their installation and lowering of the
ceiling structure. In case of a ventilation unit breakdown, a specialist is required to disconnect the
ventilation system from the air ducts, which creates additional costs for the user.

In today's built environment, most newly constructed or modernized buildings are equipped with a
full or partial mechanical ventilation system, ranging from hybrid options and full supply and exhaust
systems to localized, customized ventilation solutions. Ventilation systems are key to maintaining proper
indoor air quality and energy efficiency in buildings. Modern design approaches, especially in
developed countries, rely heavily on mechanical ventilation systems to improve indoor air quality while
minimizing energy losses. In well-insulated buildings located in temperate regions, such as Europe or
Ukraine, the combination of infiltration and ventilation can account for about 50% of total heat loss.
Studies [11] have shown that the implementation of energy-efficient measures, such as heat recovery
systems, increased insulation, and optimized operating modes, can reduce energy consumption by about
50% for both heating and cooling. These measures not only contribute to energy saving, but also meet
the increased demand for thermal comfort, which is important in the modernization and reconstruction
of buildings. Thus, mechanical ventilation systems with heat recovery are one of the key strategies for
optimizing energy consumption and ensuring high quality of the indoor environment, especially in well-
insulated buildings where heat loss through natural ventilation is a significant problem [12-14].
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The most efficient among mechanical ventilation systems are counterflow type of DSEVSs,
which are equipped with two fans and provide simultaneous air supply and exhaust (Fig. 1). Such a
design allows achieving a high level of energy efficiency, since the supply air is heated or cooled by
the exhaust air, minimizing heat loss, and, at the same time, has a stable efficiency compared to
reverse-type systems. The systems discussed in this article are equipped with heat exchangers made
of the same material — copper.

a)

Fig. 1. DSEVS of a countercurrent type:

a— schematic diagram of the countercurrent type of the DSEVS based on the Prana-150 Standard
construction; b — the principle of operation of the countercurrent type of the Vents Breeze 160-E
Smart; 1 — heat exchanger; 2 — fans; 3 — air inflow and exhaust grille from the room;

4 — air exhaust and inflow grille from the outside

Purpose and objectives. The purpose of this work is to improve the design of decentralized
ventilation systems by preliminary analysis based on research on the efficiency of existing
decentralized ventilation devices, to identify the strengths and weaknesses of the presented systems,
to create recommendations for manufacturers of these systems, considering the climatic conditions
of the regions of Ukraine, and to determine the direction of further research.

Materials and methods of the study. The tests were carried out on a test bench (Fig. 2),
consisting of two separate rooms separated by a partition, in which different microclimate
parameters are maintained. The study was carried out for three samples of DSEVS: Prana-150
Standard, Klimatronic 160 Basic, and Vents Breezy 160-E Smart (Fig. 3-5), which contained all
components and were installed according to the manufacturer's passports and instructions [15-17].

The mass flow rates were measured simultaneously in steady-state conditions. The studies were
conducted at a voltage of 230 V, which was maintained by voltage stabilizers throughout the experiment.

“Warm chamber Cold chamber

:
I

Fig. 2. Schematic of the experimental setup:

1 — partition wall; 2 — DSEVS; 3 — supply air temperature sensors after recovery T4; 4 — air
temperature and humidity sensor in the warm chamber; 5 — exhaust air temperature sensors before
recovery T3; 6 — supply air temperature sensors before recovery T1; 7 — exhaust air temperature
sensors after recovery T2; 8 — temperature and humidity sensor in the "cold™" chamber
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Fig. 5. DSEVS research process for Prana 150 Eco Life

The main purpose of these studies is to determine the efficiency under the same testing
conditions at minimum, average and maximum air flow rates according to the data in the technical
data sheets of the devices.
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Based on the above, the efficiency of the DSEVS is determined by the formula:

_wxloo

1= 13-11) @)

In the course of this work, DSEVS were tested under close-to-nature conditions, under which
DSEVS are exposed to the entire set of factors of both external temperatures and the internal
microclimate of the room. The list of temperature and humidity control systems is given in Table 1.

All measurements were performed using a set of measuring equipment (Table 2) connected to
a data logger. The parameters of the temperature and humidity conditions are given in Table 3.

Table 1 — Heating and cooling devices

Equi ¢ Premises
quipmen "Warm™ chamber "Cold" chamber
Air conditioner
cooli Cooper&Hunter CH- Cooling unit Bitzer AA-BK-64/2EES-3Y
ooling S12FTXF2-NG
- Air cooler Eco GCE 312F8 ED
Heatin Convector heater Noveen B
g CH9000 LCD SMART
Table 2 — Measuring devices
Measured variable Measuring device
Dry thermometer temperature Resistive temperature sensors PT 100
Wet thermometer temperature Digital temperature, hum;grllg);?nd atmospheric pressure
Static pressure difference Piezoresistive pressure sensor
Relative humidity Digital temperature, humidity and atmospheric pressure
sensor
Data management Data acquisition system
Electricity consumption Wattmeter ammeter voltmeter Intertek 3680W

Table 3 — Parameters of temperature and humidity conditions

Premises
Parameters "Warm" chamber "Cold" chamber
Temperature, °C 19-21 6-8
Humidity, % 45-55 65-75

Ensuring the internal air temperature in the warm and cold chambers is taken in accordance
with DSTU (National Standard of Ukraine) EN 13141-8:2019 "Ventilation in buildings.
Performance testing of components/products for residential ventilation. Part 8: Performance testing
of nonchannel supply and exhaust ventilation units (including heat recovery) for mechanically
driven ventilation systems designed for a single room" (EN 13141-8:2014, IDT) [18].

Research results. Based on the statistical processing of the results of experimental studies
(Table 4), a graphical dependence of the DSEVS efficiency on changes in air flow was constructed

(Fig. 6).
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Table 4 — DSEVS Research results

o Unit of Values of indi_cators f(_)r DSEVS
Parameter Designations measurement Vents Breezy | Klimatronik | Prana 150
160-E Smart | 160 Basic Eco Life
Efficiency factor n % 78-56 89-53 88-52
Consumption* N W*h 4.4-9.2 3.4-22.5 3.2-15.6
Air flow rate**
(according to the L M 15-57 20-70 5-52
manufacturer's data
sheet)

* — Electricity consumption is based on measurements made during the research;
** _ air flow rate is indicated in the measurement range, without taking into account the
maximum air flow rate (boost mode).

Efficiency of DSEVS

100
90
80
70
60
50
40
30
20
10

EFFICIENCY, %

5 15 35 55
Air consumption, m3/h

== Breeze 160 Klimatronik 160 == Prana 150

Fig. 6. Efficiency of decentralized supply and exhaust ventilation systems (DSEVS) with heat
recovery

As the analysis of the results shows, the efficiency of the studied DSEVS is quite similar,
since all models show a decrease in efficiency with an increase in air flow. The highest efficiency
over the entire range of air flow rates, especially at low air flow rates, was shown by the
Klimatronik 160 Basic system, while the lowest efficiency among the three models at each stage
was recorded for the Vents Breeze 160-E Smart system. With an increase in air flow rate to 55 m3/h,
the efficiency of all three models approaches 60-65%, leveling the differences between them.

Conclusions. The article presents the results of studies of the efficiency of decentralized
ventilation systems with heat recovery. Particular attention was paid to ensuring the same experimental
conditions, including the microclimate parameters of the "warm™ and "cold” chambers. Based on the
research, the results of the efficiency of each of the systems were obtained, which turned out to be quite
close due to the use of heat exchangers made of the same material — copper.

However, the efficiency of a heat exchanger depends not only on the material, but also on
many other factors: material thickness, heat transfer surface area, aerodynamic characteristics of air
flows, balance of supply and exhaust air, etc. The tests also identified the need to increase the
tightness of the systems, which could potentially improve their efficiency.

122 Modern construction and architecture, 2024, no. 10, page 117-125



UTILITY NETWORKS AND FACILITIES

The studies found that one of the systems demonstrated the highest efficiency. However, the
study found that the exhaust air flow rate was higher than the supply air flow rate, which affected
the results. This indicates the need to further determine the actual supply and exhaust air flow rates
through the system for each device more accurately.

The results obtained can be used to optimize the design of decentralized ventilation systems
with recovery, their integration with natural or mechanical ventilation systems, and to develop
recommendations for manufacturers. Further research should be directed at improving heat
exchangers, in particular with regard to their design characteristics, and adapting systems to the
specific climatic conditions of different regions.

After conducting tests and analyzing the results, the directions and prospects for further
research have been formed, which will help to better define the detailed problems of these DSEVS
designs and formulate steps for their optimization. The priority of the next research is to determine
the actual air flow rates of each DSEVS, and if the results differ from the data specified in the
technical passport, it is necessary to repeat the efficiency tests at the same air flow rates and the
balance of air masses of supply and exhaust air. After that, the prospect of further research is to test
with changes in pressure in each of the chambers and obtain repeated results.
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AHoTania. Jlana cTarT NpUCBIYEHA JOCITIDKCHHIO EIEHTPai30BaHUX MPUILUIMBHO-
BUTSDKHUX cucteM BeHTwidii (AIIBCB) i3 pexkynepalii€ro Tera, ski € BaXJIMBUM €JIEMEHTOM IS
3a0e3neueHHs eHeproe(eKTUBHOrO MOBITPOOOMIHY B Cy4acCHHX TepMETHYHUX OyniBisx. Bupueno
po0OaeMaTUKy IPUPOAHOI BEHTWIALIT, SIKa B CydaCHHMX yMOBaX HE MOXe 3a0e3NeunTH HaJle)KHUH
piBeHb TOBITPOOOMiHY ©Oe€3 BTpaT Temia, OCOOJMBO B3UMKY Ta BIITKY, 1 MiJABEJEHO [0
OoOrpyHTYBaHHSI €(EKTUBHOCTI MEXaHIYHHMX cucTteM BeHTWAlli. [lpoBeneHo mMoOpiBHAHHS
[EHTPANI30BaHUX Ta JIEHCHTPAI30BAHUX CUCTEM, MIAKPECTIOIOUN MEePEeBard OCTAaHHIX Yy MPOCTOTI
MOHT@Xy, EKOHOMIii TIPOCTOpY Ta MOMJIMBOCTI BCTAaHOBJCHHS B YK€ BiAPEMOHTOBAaHMX
OpUMIIICHHAX. Y  poOoTi anHamizyotbess Tpu 3pasku  JI[IBCB, ocHameni wmigHUMU
TEIUIO0OMIHHUKAaMH, 1110 3a0e31euyloTh BHCOKY Terionepeaady. OCHOBHa MeTa JOCHTIJKEHHS —
BUSIBJICHHS CUJIBHMX Ta CIa0KUX CTOPIH HasBHUX IPUCTPOIB 1 po3poOKa pekoMeHpaalid g ix
YIOCKOHAJIEHHS, BPaxOBYIOYHM KIJIIMAaTH4HI OCOOJIMBOCTI perioHiB YKpaiHu Ta €Bpomnu. AHami3
OTPUMaHUX JaHHUX CBIAYUTH PO JOCUTH ONM3bKI TMOKA3HUKH €(QEKTUBHOCTI JOCIHIHKYBAHUX
cucreM. Takwii pe3yabrar OyB MPOTHO30BaHMUH, OCKIJIBKM BCi CHCTEMH BHKOPHUCTOBYIOTH
IICHTHYHUHN Marepia Uil TeTUIOOOMIHHUKIB — Mib. OHAK, BUSBICHHS HEOOXITHOCTI MOIMIIICHHS
iXHBOI FE€pPMETUYHOCT] BiJKPUBAE MEPCIEKTUBU AJIS MOAAIBIIOTO MiJBUILNEHHS 1X €()EeKTUBHOCTI.
Bapto 3a3HaunTH, 1m0 TOYHI 3HaYeHHS €(QEKTUBHOCTI MOXYTh 3MIHIOBAaTHCS B 3aJIEKHOCTI Bij
peanbHUX YMOB €KCIUTyarallli, 30KpeMa, BiJl (PaKTUYHOTO CIIOKUBAHHSA MOBITPS KOKHUM MPUCTPOEM
Ta OajaHCy TOBITPIHUX TIOTOKIB y cucTeMi. JlOCHiTKEHHS MIATBEPIKYE €(PEKTUBHICTD
MPOTUTOYHHUX CHUCTEM, IIIO MPAIIOIOTH Ha OTHOYACHUH NMPUILTUB 1 BUTSKKY, K ONTHMAJIBHUX PIllICHb
U1 TIATPUMKH KOMGOPTHOTO Ta eHeproeeKTUBHOro Mikpokiaimary. OTpumaHi pe3ynbTaTd
JOCTI/DKEHHST MOXHa 3aCTOCYBaTH Ul  YAOCKOHAJE€HHS KOHCTPYKTHBHUX OCOOJIMBOCTEMH
JCLIEHTPATI30BaHUX BEHTWIALIHHUX cUCTeM 3 (YHKLIE peKymnepamii Temia 3 ypaxyBaHHSIM
cnenudiky pi3HUX perioHiB. Lle n03BonuTH e(peKTHBHINIE IHTErpyBaTH iX 13 MPUPOJHUMH alo
MEXaHIYHUMHU CHCTEMaMH BEHTWJIALII, a TaKOX PO3POOMTH OUIBII TOCKOHAI PEKOMEHMAIll Jis
BUPOOHUKIB TAKOTO 00JIaIHAHHS.

KirouoBi cioBa: neneHTpanizoBaHi CUCTEMU BEHTHWIIALII, peKynepaTop, eHepro3oepexeHHs,
SKICTb MOBITPS, MOBITPOOOMIH.
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Abstract. One of the main tasks of the modern energy sector is to provide heat supply to
energy-efficient buildings through the use of renewable energy sources, including solar energy.
Since modern buildings have limited space for installing solar collectors, the integration of solar
heaters into the structures of external walls and facades of buildings is a promising direction.

The article presents the results of studies of thermal processes in a heat supply system with a
hybrid solar collector, in which a liquid coolant circulates. The system consists of a finned heat
exchanger and a storage tank. In order to determine the feasibility of the practical application of
such a design, a hybrid solar collector has been developed, which can be used to effectively model
and solve the tasks before starting full-scale research.

Computer modelling of thermal processes in the SolidWorks environment was carried out,
with the help of which a series of sequential experiments were created to determine temperature
changes at the outlet of the heat exchanger and in the battery tank under different operating
conditions. Based on the data obtained, graphs of temperature distribution, amount of thermal
energy and changes in efficiency during the study were constructed.

Based on the results, conclusions have been drawn about improving the efficiency of the
system with a hybrid solar collector and the possibilities of its further use in solar heating systems
for energy-efficient buildings. These solutions make it possible to integrate such a solar collector
into the external protection of the building.

The authors provide data indicating that the efficiency of a system with a hybrid solar
collector is influenced by its design features, meteorological factors, pollution and the angle of the
collector.

However, to fully confirm the results, further field experimental studies are needed to
compare theoretical and experimental data. This work lays the groundwork for further optimisation
of hybrid solar collector designs and their widespread implementation in solar heating systems.

Keywords: thermal processes, hybrid solar collector, solar heat supply systems, finned heat
exchanger, modelling of thermal processes, efficiency.

Introduction. Nowadays the increasing demand for energy-efficient technologies and
renewable energy sources makes the use of solar collectors increasingly relevant. Hybrid solar
collectors, which combine the functions of generating thermal and electrical energy, represent one
of the most promising solutions for enhancing the efficiency of energy systems. A key aspect of
developing such systems is ensuring their stable and efficient operation, which requires a detailed
analysis of thermal processes within the collector.

Thermal process modeling enables the study of interactions among various components of a
hybrid solar collector, such as the absorber, heat carrier, and cooling elements, contributing to the
optimization of design and an increase in the system's efficiency. It is also essential to consider the
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influence of external factors, such as solar radiation intensity, ambient temperature fluctuations, and
thermal losses. All these factors significantly affect the performance of the collector and require
thorough investigation to develop effective engineering solutions.

Analysis of recent research and publications. The analysis of recent publications covers
various aspects of hybrid solar collector utilization and the study of thermal process modeling in
heliosystems incorporating such collectors. Particular attention is devoted to mathematical
modeling, which enables precise analysis of the energy efficiency and performance of solar thermal
systems.

One of the primary directions in solar energy utilization is the integration of solar collector
elements into building architectural forms [1] and the exploration of passive solar energy use in
construction, particularly through the application of hybrid solar collectors in building structures [2, 3].
These systems enable the efficient use of solar energy for space heating, hot water production, and
backup power supply, which are essential for hybrid systems [4, 5].

Energy supply systems where hybrid solar collectors serve as the main components are also
being studied separately. These studies highlight the key advantages and disadvantages of using
such collectors in energy-efficient buildings [6, 7].

At present, to enhance heat transfer efficiency in hybrid systems, researchers are focusing on
the design features and key thermal parameters of solar collectors, which include aluminum
grooved tubes [8].

The rise in the number of buildings with glass facades has spurred the combination of large
transparent structures with solar collectors. Additionally, such hybrid solar collectors are equipped
with photovoltaic panels, and a finned heat exchanger is installed in the housing, where a heat
carrier circulates [9]. Researchers are also actively studying solar collectors integrated with building
coverings and roofs, where absorber tubes are attached to the roofing material [10, 11].

Despite the large number of traditional systems, there are solutions where the material of the
sun-receiving surface is corrugated carbon-graphite canvas. The main advantage is the lightness of
the structure, with a fairly large area of the adsorber [12].

To assess the feasibility of using specific elements in a solar thermal system, computer
modeling is employed. Such solutions lead to optimization, which, in turn, significantly enhances
the efficiency of these systems and reduces energy consumption costs [13, 14].

Hybrid solar thermal collectors can also be utilized for preparing drying agents. The analysis
of such thermal processes employs 3D modeling within the collector, allowing improvements in
drying processes for agricultural systems [15].

A review of publications has shown that modeling thermal processes in systems with hybrid
solar collectors holds great potential, particularly regarding their integration into energy-efficient
buildings. However, further field experimental studies are needed to fully confirm the results,
allowing for a comparison of theoretical and experimental data.

The aim of the article is to improve the design of a hybrid solar collector, develop and
implement a computer model to study thermal processes using SolidWorks software for further
analysis and optimization of its design. The article focuses on exploring the capabilities of
computational modeling for detailed studies of heat transfer, reduction of thermal losses, and
enhancement of the solar collector's efficiency. Additionally, it aims to provide recommendations
for engineers in the field of renewable energy.

Research Methodology. To address the tasks set, computer modeling was applied using
SolidWorks software. A detailed model of the heat supply system was created, featuring a fine
mesh breakdown to analyze the temperature distribution.

Presentation of Main Material. To address the task in the field of energy-efficient
construction, a design for a hybrid solar collector has been proposed. This design integrates
elements of a solar collector and a window (Fig. 1).
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Fig. 1. Installation diagram:
1 — hybrid solar collector housing; 2 — finned heat exchanger; 3 — heat accumulator;
4 — pump installation location; 5 — pipelines; 6 — temperature sensors; 7 — solar radiation direction

A computer model of this solar collector was developed to investigate its thermal
characteristics, featuring a ribbed heat exchanger integrated into the upper part that operates
alongside a heat accumulator (Fig. 2). This model, at the stage of theoretical research, facilitates the
efficient resolution of several tasks before practical application.

The studied system shown in Fig. 2a consists of a solar window housing, which incorporates a
ribbed heat exchanger, as well as an accumulator tank designed for storing the collected thermal
energy. The ribbed structure of the heat exchanger increases the heat exchange surface area, enhancing
the efficiency of heat transfer from the absorber to the liquid heat carrier circulating in the system. The
accumulator tank is equipped with thermosensors to record temperature changes during the
experiment.

During the simulation in the SolidWorks environment, the thermal properties of the materials,
the liquid heat carrier flow rate, and the intensity of solar radiation were taken into account. The
obtained results were recorded and entered into a table depending on the specified radiation
intensity. Temperature change graphs in the heliocollector and accumulator tank were also plotted.

a) b)

Fig. 2. Computer model of a solar collector:
a — model of the hybrid solar collector; b — finned heat exchanger; 1 — housing of the hybrid solar
collector; 2 — finned heat exchanger; 3 — heat accumulator; 4 — location of the pump;
5 — pipelines
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In Fig. 3, a temperature increase to 22.5 °C can be observed in the lower part of the frame.
Additionally, convective flows around the window structure are visible, with an average
temperature of approximately 22 °C. Heat accumulation in the housing is also evident, with the
temperature rising to 23 °C. The upper part of the open absorber reached a temperature of over 23
°C, while the lower part heated up to 22 °C.
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a) b)

Fig. 3. Temperature distribution:
a — in front of the solar window; b — in section

Fig. 4 showed that the lack of transparent protection in front of the heat sink causes significant
convective heat loss, which generally reduces the efficiency of the solar collector and reduces the
temperature of the coolant at the outlet. This encourages further technical improvements to this design.
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21.53
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Fig. 4. Convective flows around the studied model

From Fig. 5, it is evident that the outlet temperature of the heliocollector increased from 19°C
to 22.3°C between the 5th and 40th minutes, with minimal temperature changes thereafter.
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Fig. 5. Heat carrier temperatures at the inlet and outlet of the heliocollector and ambient
temperature throughout the experiment

Fig. 6 shows that during the modeling, the temperature in the accumulator tank remained
steady at 19°C up to the 40th minute, after which it gradually increased to 21°C. The graph
illustrates the temperature distribution within the tank based on the positions of the installed
Sensors.
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Fig. 6. Temperature change in the heat accumulator depending on the heating time

During the simulation, the instantaneous power of the solar collector Qsk increased during the
first half of the experiment (Fig. 7), and then stabilized.

On Figure 8, it can be observed that the efficiency coefficient of the hybrid solar window
increased from 72% at the 5th minute to 85% at the 50th minute, and then changed insignificantly.
Overall, the average efficiency coefficient of the studied solar collector was 0.82.
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Fig. 7. Instantaneous power of the solar collector
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Fig. 8. Change in solar collector efficiency during the experiment

Conclusions:

This article presents the results of modeling thermal processes in a hybrid solar collector. The
main attention was paid to theoretical approaches and computer modeling, which allowed to
evaluate the operation of the hybrid solar collector under various operating conditions.

Based on the measures taken, it was shown that the efficiency of using a solar window with a
built-in finned heat exchanger for collecting solar energy increased. The use of an accumulator tank
allows for the effective storage of thermal energy for further use in heat supply systems. The
analysis of temperature fluctuations in the heat accumulator proved that the use of a finned heat
exchanger provides more uniform heating of the coolant in the system. The simulations also showed
that the average coolant temperature at the outlet of the hybrid solar collector was about 22°C, and
the maximum was 22.37°C. In the heat accumulator, the average temperature was 19.31°C, and in
the upper part - 21.15°C. As for the instantaneous power, it was 511 W/m2. The average efficiency
was 0.82, and the maximum during the experiment was 0.85.
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The research yielded results that can be aimed at optimizing the design of a hybrid solar

collector with a finned heat exchanger and the possibility of integrating such a collector with other
energy sources to increase the overall efficiency of the solar heating system.

132

References

[1] Ye.P. Davydenko, "Pasyvne vykorystannia soniachnoi enerhii v arkhitekturnykh
formakh", Enerhoefektyvnist v budivnytstvi ta arkhitekturi, no. (8), pp. 107-112, 2016.

[2] I.1. Venhryn, Enerhoefektyvni heliosystemy intehrovani v svitloprozori konstruktsii budivel:
diss... kand. tekhn. nauk, Natsionalnyi Universytet «Lvivska politekhnikay, 2022.

[3] S.P. Shapoval, "Vykorystannia soniachnoi teplovoi enerhii za rakhunok kombinovanoho
heliovikna", Enerhoefektyvnist v budivnytstvi ta arkhitekturi, no. (9), pp.250-253, 2017.

[4] L.A. Weinstein, K. McEnaney, E. Strobach, Yang, S., B. Bhatia, L. Zhao, Y. Huang,
J. Loomis, F. Cao, S.V. Boriskina, Z. Ren, E.N. Wang, G.A. Chen, "Hybrid Electric and
Thermal  Solar  Receiver”, Joule, no. 2(5), pp. 962-975  2018.
https://doi.org/10.1016/j.joule.2018.02.009.

[5] Y.-J. Jun, K.-S. Park, Y.-H. Song, "A study on the structure of Solar/Photovoltaic Hybrid
system for the purpose of preventing overheat and improving the system performance”,
Solar Energy, no.(230), pp.470-484, 2021. https://doi.org/10.1016/j.solener.2021.10.019

[6] S.P. Shapoval, B.l. Hulai, M.Ye. Kasynets, Yu.V. Pryshliak, "Systema
teplozabezpechennia budivel na osnovi hibrydnykh soniachnykh kolektoriv", Ekolohiia.
Resursy. Enerhiia: bahatofunktsionalni eko — ta enerhoefektyvni, resursozberihaiuchi
tekhnolohii v arkhitekturi, budivnytstvi ta sumizhnykh haluziakh: robocha prohrama ta
tezy dopovidei VI Mizhnarodnoi naukovo-praktychnoi konferentsii Kyivskyi natsionalnyi
universytet budivnytstva i arkhitektury, pp. 69-70, 2023.

[7] S. Shapoval, M. Kasynets, B. Gulai, Yu. Prishlyak, "Building heat supply system based on
hybrid solar collectors”, Theory and Building Practice, no. 5(2), pp. 55-60, 2023.
https://doi.org/10.23939/jtbp2023.02.055

[8] D.V. Kozak, "Teplotekhnichni kharakterystyky kombinovanoho soniachnoho kolektora na
osnovi aliuminiievykh kanavchatykh teplovykh trub”, diss... kand. tekhn. nauk,
Natsionalnyi Tekhnichnyi Universytet Ukrainy «Kyivskyi politekhnichnyi instytut imeni
Thoria Sikorskoho», 2018.

[9] I. Venhryn, "Doslidzhennia soniachnykh kolektoriv, intehrovanykh v konstruktsiiu
sklianoho fasadu budivli/sporudy: neobkhidnist ta osoblyvosti”, Theory and Building
Practice, no. 1(1), pp. 38-46, 2019. https://doi.org/10.23939/jtbp2019.01.038.

[10] O. Voznyak, N. Spodyniuk, 1. Antypov, E. Dudkiewicz, M. Kasynets, O. Savchenko, S.
Tarasenko, "Efficiency Improvement of Eco-Friendly Solar Heat Supply System as a
Building Coating", Sustainability, no. 15(3), no. 2831, 2023.
http://www.mdpi.com/journal/sustainability/ DOI: 10.3390/su15032831.

[11] O.M. Pona, Pidvyshchennia efektyvnosti kombinovanoi systemy teplopostachannia z
heliopokrivleiu: diss... kand. tekhn. nauk, Natsionalnyi Universytet «Lvivska
politekhnika», 2018.

[12] O.V. Pryimak, P.O. Pasichnyk, "Doslidzhennia teploviddachi absorbera soniachnoho
povitropidihrivacha vyhotovlenoho z hofrovanoho vuhlehrafitovoho trykotazhnoho
polotna”, Visnyk Kyivskoho Natsionalnoho Universytetu tekhnolohii ta dyzainu. Seriia:
Tekhnichni nauky, no (1). pp. 85-91, 2016. http://nbuv.gov.ua/UJRN/Vknutd 2016 1 12.

[13] S. Mysak, S. Shapoval, H. Matiko, "Simulation of hybrid solar collector operation in heat
supply system”, Energy Engineering and Control Systems, no 9(2), pp. 61-68, 2023.
https://doi.org/10.23939/jeecs2023.02.061.

[14] D.A. Chyrin, V.F. Irodov, "Matematychne ta kompiuterne modeliuvannia systemy
teplopostachannia vid soniachnykh plivkovykh kolektoriv z teplovym nasosom™, Vcheni
zapysky TNU im. V.I. Vernadskoho, no. 31(70), pp. 135-139, 2020.

Modern construction and architecture, 2024, no. 10, page 126-133


https://doi.org/10.1016/j.joule.2018.02.009
https://doi.org/10.1016/j.solener.2021.10.019
https://doi.org/10.23939/jtbp2023.02.055
https://doi.org/10.23939/jtbp2019.01.038
http://www.mdpi.com/journal/sustainability/
http://nbuv.gov.ua/UJRN/Vknutd_2016_1_12
https://doi.org/10.23939/jeecs2023.02.061

UTILITY NETWORKS AND FACILITIES

https://doi.org/10.32838/2663-5941/2020.5/22.

[15] V.V. Satsiuk, Yu.V. Bulik, O.S. Dubytskyi, N.O. Tolstushko, "Doslidzhennia protsesu
pryhotuvannia sushylnoho ahenta u soniachnomu teplovomu kolektori iz vykorystanniam
3d-modeliuvannia”, Silskohospodarski mashyny, no. (42), pp.100-105, 2020.
https://doi.org/10.36910/acm.vi45.405.

MOJEJIIOBAHHS TEIIJIOBUX ITPOLHECIB Y I'BPUTHOMY I'EJIIOKOJIEKTOPI

"Manosaa C.IL., 1.T.H, npodecop,

stepan.p.shapoval@Ipnu.ua, ORCID: 0000-0003-4985-0930
1Hp1/mmmc FO.B., acnipanr,

yurii.v.pryshliak@Ilpnu.ua, ORCID: 0009-0001-0511-2568
IBampmmn @.0., 1.T.H., T.H.C.,

fedir.o.ivashchyshyn@Ipnu.ua, ORCID: 0000-0002-6919-5841
1Byﬂz[3m]0 B.I1., acniipanr,

volodymyr.p.bundzylo@Ipnu.ua, ORCID: 0009-0005-4256-4191
Hayionanvnuii ynisepcumem «J/Ivgiecoka nonimexnika»

Byn. Crenana bannepu,12, m. JIpBiB, 79000, Ykpaina

AHotanigs. OnmHuM i3 TOJOBHHMX 3aBJaHb Cy4YacHOi CHEPreTUKH € 3a0e3MeUYeHHS
TEIJIONOCTaYaHHs eHeproe()eKTUBHUX OyliBellb 32 PaXyHOK BUKOPHUCTAHHSI BIJHOBJIFOBAHUX JUKEPEI
eHeprii, 30kpemMa 1 COHsYHO1 eHeprii. OCKUTPKM Ha 30BHIIIHIX OrOPOHKEHHAX CyYacHUX OymiBelb €
0OMEXEHHI MPOCTIP JJIsi BCTAHOBJICHHS TETIOKOJICKTOPIB, MEPCIIEKTUBHUM HAMpPSMKOM € 1HTETparlis
COHSIYHMX HAarpiBHUKIB y KOHCTPYKIii 30BHIMIHIX CTiH i1 (pacaiB OymiBensb.

VY cTarTi HaBEACHO PE3YNBTATH JOCIIKEHb TEIJIOBUX MPOIECIB Y CHCTEMI TEIUIONOCTaYaHHs 3
riopugaum remiokonekropoM (I'TK), B skiit mupKyiroe piAMHHUA TEIIOHOCIH. Y CBOIM KOHCTPYKIIii
JlaHa CHCTeMa MICTUTh peOpHUCTHH TEIIIOOOMIHHHK Ta Oak-akymysnsTop. st Toro, mo0 BH3HAYUTH
JOLUTBHICTh MPAKTUYHOTO 3aCTOCYBAHHS TaKoi KOHCTPYKIl, pOo3po0JIeHO TiIOpUIHUN TeTi0KOIEKTOP,
3a JIOIMIOMOTOI0 SIKOTO MOXHA €()EeKTHBHO 3MOJCTIOBATH Ta BUPIIIUTH ITOCTABJICHI 3amadi Tepesn
MOYATKOM HAaTYPHUX JIOCII/PKEHb.

[IpoBeneHo komMm'roTepHe MOJEIIOBaHHS TEIUIOBUX TporieciB y cepemoBuil SolidWorks, 3a
JIOIIOMOT' 00 SIKOTO CTBOPEHO CEpito MOCIIOBHUX €KCIIEPUMEHTIB 3 BU3HAUCHHS TEMIIEpaTypHUX 3MIH
Ha BUXOJl 3 TeIJIOOOMIHHMKAa Ta B 0aKy-aKyMyJsTOpi 3a pi3HMX YMOB ekcrutyatamii. Ha ocHoBi
OTPUMAaHUX JaHUX MMO0O0YAO0BaHI rpadiku po3Mnoailly TeMIEpaTyp, KIIbKOCTI TEIIOBOI eHeprii Ta 3MiHK
KoeilieHTa KOPUCHOI JIii MPOTATOM JIOCITIJIKEHHSI.

Ha ocHOBi pe3ynbraTiB 3po0J€HO BHCHOBKM IIOJIO MiJBHUIIEHHS €()EKTUBHOCTI CHCTEMHU 3
TiOpUIHUM TeNTIOKOJIEKTOPOM Ta MOXITMBOCTEH i1 IOAATBIIOrO BUKOPUCTAHHS Y CHCTEMaX COHSYHOTO
TEMJIONOCTaYaHHs. eHeproeekTUBHUX OyaiBenb. Lli pillleHHS J03BOJISAIOTH IHTErpyBaTH TaKUid
COHSTYHUH KOJIEKTOP Y 30BHILIHE 3aXUIIEHHS Oy IIBi.

ABTOpU HaBOJATH JIaHi, SIKI BKa3ylOTh, 110 Ha €(eKTHBHICTb POOOTU CHCTEMH 3 TiOpUIHUM
COHS'YHUM KOJIEKTOPOM BIUIMBAIOTh HWOT0 KOHCTPYKTHBHI OCOOJMBOCTI, METEOPOJIOTidHI (haKTOpH,
3a0pyAHEHHS Ta KyT HaXWIy KOJIEKTOpa.

OpHak 11 TOBHOTO  MIATBEPDKEHHS  PE3yJbTaTiB  HEOOXIJHI MOJalblIl  HAaTypHI
eKCIIEPUMEHTAJIbHI JTOCHIKEHHS, K1 JO3BOJIATH MMOPIBHATH TEOPETUYHI Ta €KCIEPUMEHTANIBHI JIaHi.
s poGora 3akiazae OCHOBM JJIsi MOJAJBIIOT ONTUMI3AIii KOHCTPYKIIM TiOpPUIAHUX COHSYHUX
KOJIEKTOPIB Ta iX IIMPOKOT0 BIPOBAKEHHS Y CHCTEMU COHSYHOTO TEIUIONOCTaYaHHS!.

KiiouoBi cjioBa: TerioBi TporiecH, TIOPUIHWA COHSYHUN KOJEKTOP, CHUCTEMHU COHSYHOTO
TEIUIONOCTayaHHs, pPeOPUCTUI TEIIOOOMIHHHMK, MOJEIIOBAHHS TEIUIOBUX TMPOIECIB, KOe(DIIieHT
KOPHCHOT ii.
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BUMOTH IO O®POPMJIEHHS CTATEH
y 301pHUKY HAYKOBHUX ITpallb
“CyuacHe OyJiBHHIITBO Ta apXiTeKrypa”

Jlo onyOmikyBaHHS y (axoBiii 30ipui HAyKOBHX TMpalb  HPUHAMAIOTBCA paHille He
OIryOJIiIKOBaHI HAyKOBI CTATTI, 13 3a3HAYCHOIO HIDKUE TEMATHKOK MyO TiKamiii:

1. Apxitekrypa.

2. ByniBenbHI KOHCTPYKIIIi.

3. ByniBenbHI MaTepiaiy Ta TEXHOJOTII.

4. 'igpoTexHivuHe Ta TPaHCTIOPTHE OYIIBHUITBO.

5. ImxenepHi Mepexi Ta 00aHAHHS.

6. OcHOBH Ta HyHIAMEHTH.

7. TexHozorist Ta oprasizaisi Oy iBeJIbHOTO BUPOOHHIITBA.

CrarTs NIOBHHHA BiANOBiIaTH TeMaTHLi 30ipHUKA, NY0JiKyBaTHCS BIIepLIe | BKIKYATH TaKi
eJIEeMEeHTH:

* aKTYaJbHICTh Ta IMOCTAHOBKY MPOOJIEMH Y 3arallbHOMY BUTJISAL, 11 3B'SI30K 13 BaKJIUBUMH
HAyYKOBUMH YU MPAKTUYHUMH 3aBIAHHIMH,

* aHaN3 OCTaHHIX JOCHIKeHb 1 MyOmikamii, y SKHX TNpEACTABICHO BUPIMICHHS IaHOi
nmpoOjieMd 1 Ha SKi CIUPAEThCSA aBTOP; BUILICHHS HEBUPINICHUX paHIIIE YacTHH 3arajibHOl
poOJIeMH, SIKUM TPUCBSIIYETHCS 1aHa CTATTS,

* (opmymroBaHHS METH CTATTI (IOCTAaHOBKA 3aBJaHHS);

* BHUKJAJ OCHOBHOTO MaTepialxy IOCTI/DKCHHS 3 IOBHHUM OOTPYHTYBAaHHSM OTPUMAaHHX
HAyKOBHX PE3yJbTaTiB;

* BUCHOBKH 3 JIAHOT'O JIOCITI/KEHHS 1 TIEPCIIEKTHUBY MOJATIBIIIOTO PO3BUTKY Y IAHOMY HATIPSIMKY;

* CIIUCOK JIiTepaTypHu.

3araJjbHi BEUMOTH 10 0()OPMJICHHA TEKCTY

CratTi noJatoThCs B eNeKTpoHHOMY Burisial ¢ainom Word 97 — 2003 B ¢opmari .doc. Ha3sa
¢aily Mae MICTUTH HOMEp TEeMaTHKM IyOuikaiii Ta Mpi3BUILNE MEpUIOro aBTopa (HAmpukKiIaa, S5
IBanoB.doc).

CraTTi IoAar0ThCsl YKPaiHCHKOIO UM aHTJIICHKOI0 MOBOIO 1 APYKYIOTHCSI MOBOIO OpHTiHATY.

TekcroBa 4acTMHA CTAaTTi HaOupaeThesi Ha apkymax Qopmary A4 mpudrom Times New
Roman 12 nT yepe3 oguHapHUil IHTEPBal, BUPIBHIOETHCA 110 IHUPHUHI CTOPIHKY, MO 1O 2 CM 3 YCIX
60kiB, ab3arHuii BiacTyn — 1,0 cm. O0csr cratTi 7-16 NOBHUX CTOPiHOK Pa3oM 3 aHOTALIAIMMU.

Crpykrypa crarri:

— indexkc Y/[K (BUpPIBHAHO IO JIiBOMY Kparo ©Oe3 a03al[HOro BIiACTYIy, NPONHUCHUM,
HaIBXUPHUMN);

— Hazea cmammi (BIALEHTPOBaHa, yci JITEpH NPOMMUCHI, HAMIBKUPHI, NEPEHOCH He
JIOTTYCKaIOThCA);

— npizeuwe, iniyiaau 6cix aemopis, HAyKoGUil cHMyniHb, é4eHe 36aHHsa (BUPIBHSHO IO
paBOMY Kpao, MPIi3BHUIIE — HAIIIBXUPHUHN; CTYIIHb 1 3BaHHS — PSIIKOBHIA);

— HO6HA HA364 GUWLO20 HABGUAIbLHOZ0 3AK1Ady uu opzauizayii (KypcuB, BHUPIBHSIHO IO
MPaBOMY KParo; SKIIO aBTOPH 3 PI3HUX HABYAIBHHX 3aKJIAIiB, TO KOXKEH aBTOP 3 OKPEMOTO PSIKA);
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— enekmpona nowma (BUPIBHSIHO MO IPAaBOMY Kparo Ta nopsia yHikanbauit Homep ORCID);

— anomauyii 0o cmammi (a03aIHUI BiACTYI, Ha3Ba HAIIBKUPHA, aHOTAIlli MHUIITYTHCSA JIBOMA
MOBAaMU: YKPATHCHKOIO 1 aHTIIHCHKOIO.

Texcr nepmioi aHoTalii NUIIETHCS MOBOIO OCHOBHOI'O TEKCTY CTaTTl Ta IOBUHEH OyTu He
Menul sk 1800 3naxiB.

Tekcr gpyroi aHoTalli, SKIIO BUAAHHS HE € IOBHICTIO aHTJIOMOBHHM, KOXKHA IyOJIKallis He
AHTJIIHCHKOI0 MOBOIO CYITPOBOKYETHCS aHOTAIIIE€I0 aHITIMCHKOI0 MOBOIO 00csiroM He MeHmn sik 1800
3HAKIB. SIKII0 BUJaHHA HE € MOBHICTIO YKPAiHOMOBHUM, KOKHA ITyOJIKaILlisl HE YKPaiHCBKOIO MOBOIO
CYIPOBOJDKYETHCS AHOTAIIEI0 YKPATHCHKOIO MOBOIO 0OcsiroM He MeHm sik 1800 3makiB. [[pyra
aHOTAITisl PO3MIIIYETHCS B KIHII CTATTI MICIISI CIIUCKY JITepaTypH Ha aHTJIINCHKii MOBI.

JIBi aHOTAMii MOBUHHI KOPOTKO MOBTOPIOBATH CTPYKTYPY CTaTTi, IO BKJIIOYAE BCTYIH, METY,
METOAMKY, pe3yJbTaTH, BACHOBOK. MalllMHHUI [IepeKiaj He 103BOIAEThCS.

— Kawuoei croea (MDKPSIKOBHI IHTEpBal HE pOOUTHCS, al3alHMW BIJICTYN, Ha3Ba
HaIBKHUPHA, TEKCT KJIOYOBHUX CIIiB HE Oibine 6—8 CIIiB).

Hasga crari, mpi3Buie i iHilianyd, HAYKOBUH CTYyIiHb, BYCHE 3BaHHA, MicIle poOOTH, aHOTAITis
1 KJIFOUOBI CJI0BA — IOBTOPIOIOTHCS YKPATHCHKOIO Ta aHIJIIHCHKOK MOBaMH.

Mix psakamu 3 iHgekcom Y JIK, Ha3Boro crari, MPI3BHINEM aBTOPIB, AaHOTAIIIEI0, OCHOBHUM
TEKCTOM 1 MEPeNiKOM JITepaTypu, JIITepaTypol0 Ha AaHMNMCHKIA MOBI Ta JPYrol0 aHOTAli€l0
OJIMHAPHHIA IHTEpPBAJL.

— OcHOGHUIl mexcm cmammi.

CTpyKkTypa OCHOBHOTO TEKCTYy CTaTTi 3rigHO 3 moctanoBoro BAK VYkpainu Ne 7-05/1 Big
15.01.2003 p. (bronerenr BAK VYkpainu Nel, 2003 p.) noBuHHa MaTH Taki HEOOXiIHI €JIEMEHTH
(nazeu cmpykmyphnux enemenmie 6 mexcmi cmammi ROMPIOHO 6UOLTUMU HANIEHCUPHO):

— BCTyn (IIOCTAaHOBKAa NpoOJeMM Yy 3arajJibHOMY BHIVIAAI Ta ii 3B’SI30K 3 BaKJIMBUMHU
HAYKOBUMH UM NMPAKTHYHUMHU 3aBJJAaHHSIMH );

— aHaJi3 OCTaHHIX JpKepelN AOCHTIKEHb 1 MmyOsikaliid, y sSKUX 3al04aTKOBAaHO PO3B’S3aHHS
npobnemu (OakaHo, mo0 1e OyB aHai3 OCTaHHIX myOmikamii y (axoBuX >KypHayax) i Ha sKi
ONUPAETHCSI aBTOpP, BUJUICHHS HE pO3B'I3aHUX paHIlle YacTUH 3arajbHOi MpoOJeMH, SKUM
MPUCBAYYETHCS CTATTS;

— IIOCTaHOBKA METH Ta 3aBJaHHs ((HOPMYITIOBaHHS METH Ta 3aBAaHb JOCIIKEHb);

— MareplaJii Ta METOAU JIOCHIUKEHHsS (ONMHUC BUKOPHUCTAHUX MaTepiajiB Ta MeETOJIB
JOCTIKEHHS TPOOJIeMH, 110 PO3TIISIAETHCS Y CTATT1);

— OCHOBHHUHM MaTepiall 1 pe3yJbTaTu (BUKJIAJ OCHOBHOTO MaTepialy JOCHIKEHHS 3 TTOBHUM
OOI'pYHTYBaHHSAM OTPUMaHUX HAYKOBUX PE3YNbTaTiB);

— BHCHOBKM (HayKOBa HOBH3HA, HAYKOBE Ta MPAKTUYHE 3HAUYEHHS PE3y/IbTATIB OCIIKEHHS,
NEPCHEKTUBH MMOATBIINX HAYKOBUX PO3POOJIECHB);

— Jimepamypa (BiILIEHTPOBAaHA, HAIIBXUPHA; TOCWJIAHHSA B TEKCTI TOJAIOTh Y KBaJpaTHUX
ayxkax [2]; cnucok miTepaTypu HABOAWTHCS BIAMOBIAHO MOPSIKY MOCKIAHb Y TeKCTi 3rigHo 3 JICTY
8302:2015 Ta 3ammcyeThCs B CTOBITYMK; HanucaHHs «J/[kepena indopmartii», «Ileperik miteparypm» He
nomyckaerbest). biOmiorpadidHuii CIMCOK HABOJUTHCS MOBOK) OpHTIHAITY Ta TPaHCIITEPYETHCSL.
KinbkicTe mocuiaHp Ha JiTEpaTypHI JKepelia y CTaTTi MOBUHHO OyTH He MeHIe 15 mxepen. OcobmmBa
yBara npuaiIsieTbesl CydacHUM aHTJIIOMOBHHUM CTaTTsAM, 30KpeMa iHekcoBanux WoS abo Scopus.

— oioniozpaghiunui cnucox (References). Jlns BiATBOpPEHHs YKpaiHCHKMX BJIACHUX Ha3B
3ac00aMH aHIINHCHKOI MOBM TIpH TepeKyiaai MyOrikaiii aHTIHCBKOI0 MOBOIO 3aCTOCOBYETHCS
TpaHchiTepariis. HaliMeHyBaHHsSI opraHizaiiii Ta yCTaHOB, IO HE TMEPEKIAJTAOThCS HA aHTIIIHACHKY
MOBY, TaKOX TPaHCIITEpYyIOThCs. TpaHciiTepallis Mpi3BUI aBTOPIB BUKOHYETHCS 3AJISKHO BiJl MOBU
OpHriHay Jkepena BianoBiaHo 10 BuMor [loctanosu Kabinery MinictpiB Ykpainu Bin 27.01.2010 p.
Ne 55 «Ipo BopsaKyBaHHS TpaHCIiTepalii ykpaiHcbkoro andasity gatununero». bidmiorpadiunuii
CIHCOK TOBWUHEH Oytu odopmwiienuii 3 Bukopuctanusm ctuias |EEE STYLE s3rimro 3
«M1XKHapOJHUM CTHJIEM LIMTYBAaHHS Ta MOCUJIaHHS B HAyKOBUX poOoTax», Kuis, 2016.

Tabauyi cnin BUKoHyBaTH B pemakTopax Word 6e3 3anuBanHs. Koxxna tabmuiis mae OyTu
HAQ/IpyKOBaHa 3 BIAMOBIJHUM 3arojlOBKOM Ta HyMEpalli€lo IMicis MNEepIIOro MOCHJIaHHS Ha Hei.
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upuna Tabnuipe HE MOBHHHA TNEpeBHINYBaTH mojs cropiHkd. lpudTt B Tabmuii mnoBuHEH
BIIMOBIIaTH MIPUQPTY CTATTI.

@opmynu MaroTh OyTH BHKOHaHi B penmakropi ¢opmyn Equation 3.0 un MathType 3
BUKOPHCTAHHSAM TUIbKHM 3aranbHOnpuiiHATHX MmpudTiB (Times New Roman; Symbol). Koxna
dopmyna HaOHpaeThCs K OAUH 00’ €KT, Hymepalis (opMyn apabCbKuMH IU(ppaMu CIIpaBa B TyXKKax
BHUPIBHSHA 10 IIUPHHI CTOPIHKH.

Pucynku (nmiarpamu, (HoTo), MOAAIOTHCS y YOPHO-O1IOMY, KOJHLOPOBOMY BapiaHTi abo y
rpajialisx Ciporo KOJbOpy MiCJs MEPIIOTro MOCWIAHHS HAa HUX; MalOTh OyTH 3TPYIOBaHi Ta SBISATH
co0ot0 oauH rpadiuyHuii 00’ €KT; MaTH HyMEpaLilo Ta MiJNKC MO3HAYEeHHS 0Ch KoopauHat. Po3mipu
IIJIMKMCIB HA pUCYHKY MTOBUHHI BiamoBigatu mipudty Times New Roman 12 mr.

Pa3om 3i cTarTero nogaTLCA:

— BIJOMOCTI Mpo aBTOpa (aBTOPChKA JOBIAKA): MpPI3BUINE, IM s, MO OAaTHKOBI (ITOBHICTIO);
BUCHE 3BaHHS, BUCHHI CTYIIIHB; MOCAaa, MicIle pOOOTH; KOHTaKTHI aJpecu W TenaedOoHH; MOIITOBA
azipeca, Ha SIKy HaJICUJIaTH IPUMIPHUK 30ipHHUKA

— PpEeIeH31s Ha CTaTTIO, SKIIO aBTOPOM € acmipaHT Oe3 CIBAaBTOPIB 3 BYCHHWM CTYIICHEM Ta
BUCHUM 3BaHHSIM.

CrarrTi, sIKi He BIINOBIIAIOTH HABEAEHUM BHMOIaM, /10 PO3IJIsiAy He IPUHMAKThCS.

[Tomani MaTepianu MiUIATral0Th JOJATKOBOMY PEIICH3yBAaHHIO WIEHAMHU PEIKOJerii a0o mpoBiAHUMHU
¢daxiBusMH 3a HAYKOBHUMH HalpsMaMH, TOMY MOXYTh OyTH TIOBEpHEHI aBTOpamM Ha
JOOTIPAIFOBAHHS.

OcrartouHe pimeHHs mo0 myOTiKamii CTaTTi NpuitMae pegaKiiifHa KoJeris BUIaHHS.
BinxwieHnii opuriHal He IOBEPTAETHCA.
Omutara 301HCHIOETHCS TUTBKH MiCTS MIATBEPAKEHHS IPUMHSTTA CTATTi 10 IPYKY.

Bapricte my6mikamii crarti 1100 rpu. 30ipHUK BUXOAWTH 4 pa3uW Ha piK MIOKBapTaIbHO, B KiHII
KO)KHOTO KBapTaiy. CTaTTi HeoOXiHO HaJcWiIaTh 10 | 4ucna OCTaHHBOTO KBapTaly (HalpuKIam,
SKILO 301pHUK BUXOAWTH B KIHIIl YEPBHS, TO CTATTI NMpUMaloThes 10 1 yepBHS). Aje npuiioM crareit
MOXe€ 3aKIHUUTHCH PaHillle BKa3aHOTO TEPMiHY, SKIIO Oy/e HabpaHO HEOOXiTHY KUTBKICTh CTOPIHOK.
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