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UDC 606:691 DOI: 10.31650/2786-6696-2025-14-9-16

BIONICS AS THE FOUNDATION OF SUSTAINABLE DEVELOPMENT
IN CONTEMPORARY ARCHITECTURE: ENERGY EFFICIENCY AND SYNERGY
WITH THE ENVIRONMENT

Zinchenko A.G.,

Andrii.Zinchenko@kname.edu.ua, ORCID: 0000-0002-3429-070X
O.M. Beketov National University of Urban Economy in Kharkiv
17 Chornohlazivska str., Kharkiv, 61002, Ukraine

Abstract. The article explores bionics as a scientific and methodological foundation for
creating sustainable architecture capable of energy-efficient functioning and achieving synergy with
the natural environment. It examines the evolution of bionics from the formal imitation of organic
forms to the comprehensive application of biomimetic principles. Through specific examples — such
as the passive ventilation system of the Eastgate Centre in Zimbabwe, inspired by termite mound
architecture, and fagade concepts that mimic photosynthesis — the article reveals mechanisms for
implementing bionic design solutions. Particular attention is given to analyzing the energy efficiency,
adaptability, and resource-saving characteristics of bio-inspired architectural objects.

The study highlights the contemporary understanding of bionics, which focuses on the
principles of cyclicality, adaptability, and zero-waste design derived from natural ecosystems. It
provides a detailed analysis of examples ranging from passive ventilation and thermal regulation
systems modeled after termite mounds to adaptive fagade systems that imitate photosynthesis and
plant regulatory mechanisms. Special attention is paid to environmental synergy achieved through
efficient resource management — for instance, mimicking water-harvesting strategies of desert insects
or adopting lightweight yet durable structural analogues inspired by biological prototypes such as
bone or spider silk to minimize material consumption.

The discussion systematizes the advantages of the bionic approach — including enhanced energy
efficiency, reduced operational costs, and improved comfort — while also addressing the challenges
of its implementation, such as high research costs and the need for interdisciplinary collaboration.
The article substantiates the idea that bionics serves not only as a tool for solving engineering
problems but also as a catalyst for shaping a new architectural philosophy aimed at fostering harmony
between the built and natural environments.

The practical significance of the study lies in its potential use by researchers, educators,
graduate students, and practitioners engaged in related scientific and design inquiries.

Keywords: bionics, architecture, energy efficiency, environment.

Introduction. In the context of global climate change and the depletion of natural resources,
the issue of energy efficiency and the ecological integration of architecture has become increasingly
relevant. Traditional construction practices, which operate as energy-intensive systems that often
oppose the natural environment, are progressively demonstrating their inadequacy in addressing
contemporary challenges.

The modern construction industry is among the largest consumers of natural resources and a
major source of greenhouse gas emissions. Traditional architecture, shaped during an era of abundant
energy resources, largely functions according to the principles of a "closed system". It resists climatic
conditions, relying on active engineering systems — heating, ventilation, and air conditioning — to
maintain interior comfort. This approach inevitably results in high energy consumption, places
excessive pressure on ecosystems, and further deepens the divide between the artificial built
environment and the natural world.

ISSN 2786-6696 Modern construction and architecture, 2025, no. 14, page 9-16
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Such an energy-intensive paradigm, which treats a building as an object isolated from its
contextual environment, proves increasingly vulnerable to global challenges such as climate change,
resource scarcity, and urban crises. This situation highlights the urgent need for a radical reassessment
of design principles and for the creation of architecture that does not confront nature but instead
becomes integrated into natural cycles while minimizing its ecological footprint.

Contemporary architecture faces the global imperative of transitioning toward sustainable
development principles, which require a drastic reduction in energy consumption and the
minimization of environmental impact. In this context, the bionic (biomimetic) approach is no longer
merely an aesthetic choice but becomes an effective tool for addressing practical design and
environmental challenges.

Analysis of Recent Research and Publications. The issue of the bionic (biomimetic) approach
in architecture has gained significant prominence in recent years, as humanity has become
increasingly aware of the importance of minimizing environmental impact.

In the article by X. Wang, L. Xiao, L. Fan, N. A. Mokhtar, and M. K. Azhar Mat Sulaiman, the
authors examine bionic architecture through a review of 109 studies published between 2010 and
2024. They propose a classification of biomimetic solutions, dividing them into three categories:
fagade systems, structural optimization, and energy-generating envelopes. The authors demonstrate
the potential of transferring biological principles from living systems into architectural strategies and
provide practical recommendations for architects and engineers [1].

In the article "Biomimicry in Architecture: A Review of Definitions, Case Studies, and Design
Methods", the authors analyze the transition from simple imitation of natural forms to the
development of complex system-oriented approaches. This publication is particularly useful for
classifying different levels of biomimicry (form, process, ecosystem) [2].

A. M. A. Faragalla and S. Asadi, in their study "Biomimetic Design for Adaptive Building
Fagades: A Paradigm Shift towards Environmentally Conscious Architecture”, investigate
biomimicry as a foundation for designing facades that dynamically respond to environmental
conditions. The article focuses on biomimetic methods developed for adaptive fagade design and
evaluates their effectiveness in comparison with other approaches. The authors conducted a
comprehensive literature review and examined early-stage design strategies for such building
envelopes [3].

The application of bionic principles in architecture and design has also been explored within
the Ukrainian academic context, although it has not yet received as widespread implementation as in
international practice. Various aspects of bionic approaches have been studied by researchers such as
0. Oliinyk, Yu. Chopyk [4], O. Orlova [5], among others.

Research Aim and Objectives. The aim of this study is to provide a theoretical justification
and analysis of bionics as a scientific and methodological foundation for creating energy-efficient
architecture capable of synergistic interaction with the environment in the context of sustainable
development.

In line with this aim, the following research objectives have been formulated:

— to analyze the evolution of the bionic approach in architecture, tracing the transition from
formal imitation to the replication of principles, processes, and systemic interactions;

— to identify and examine key principles of contemporary bionics that are most relevant to
addressing sustainability challenges (energy efficiency, cyclicity, adaptability);

— to investigate and systematize concrete examples of successful implementation of bionic
solutions in architectural practice;

— to systematize the advantages and identify the main challenges hindering the widespread
adoption of the bionic approach in contemporary architectural design.

Research Methods. This study is based on an interdisciplinary methodological framework
combining analytical and comparative approaches. The analytical method was used to investigate the
theoretical foundations of bionics and its evolution within architectural discourse. Comparative
analysis made it possible to identify key similarities and differences between natural systems and
their architectural analogues, emphasizing the transfer of biological principles into design strategies.

ISSN 2786-6696 Modern construction and architecture, 2025, no. 14, page 9-16
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Case studies of landmark buildings inspired by biological elements provided the empirical basis
for evaluating the effectiveness of bionic solutions in enhancing energy efficiency and integrating
environmentally derived systems. In addition, methods of systematization and synthesis were
employed to generalize the findings and formulate conceptual conclusions. This integrative approach
ensured a comprehensive understanding of bionics both as a scientific discipline and as a practical
design paradigm that contributes to the sustainable development of architecture.

Research Results. Today, bionics is not merely a stylistic approach but a conceptual
framework that enables the transition to a new architectural paradigm — one in which a building
functions as a living system in unity with its surrounding ecosystem. Let us examine how the adoption
of structural, functional, and energetic principles of living nature can form the foundation for
synergistic architecture that interacts effectively with the environment rather than opposing it.

Historically, the interaction between architecture and nature has taken various forms. The initial
stage — commonly referred to as biomorphism or formal imitation — dates back to ancient times (e.g.,
classical orders inspired by plant motifs) and found vivid expression in the Art Nouveau era as well
as in the works of notable twentieth-century architects such as Antonio Gaudi and
Frank Lloyd Wright [6]. At this stage, the primary focus was on borrowing external, visual, and
aesthetic characteristics of natural objects. Buildings could resemble a flower, a shell, or a skeletal
structure, yet their functional and engineering essence remained anthropogenic and often energy-
intensive.

The essence of contemporary bionics (or biomimicry — a term popularized by Janine Benyus
[7]) lies in a fundamental shift in focus: from visually copying natural forms to imitating natural
principles, processes, and systems. This approach views nature not as a source of aesthetic references
but as a highly sophisticated laboratory that, through millions of years of evolution, has arrived at the
most efficient and resource-conserving solutions. Modern bionics in architecture is an
interdisciplinary process that integrates biology, engineering, materials science, and design to develop
solutions that are both innovative and deeply adapted to environmental conditions.

The analysis of natural systems allows us to identify several fundamental principles that directly
correspond to the goals of sustainable development and are critically important for designing energy-
efficient architecture.

Energy efficiency and the use of environmental conditions. Living systems operate using
available energy (primarily solar) and adapt to local climatic conditions. They rely on passive
mechanisms for thermoregulation, lighting, and ventilation. In architecture, this translates into the
prioritization of passive design, the optimization of building form for interaction with solar radiation
and wind flows, as well as the use of geothermal energy and natural lighting.

Zero-waste operation and cyclicality. In ecosystems, the concept of "waste” does not exist —
waste from one organism becomes a resource for another. The principle "waste = food" is the
foundation of biological metabolism. For architecture, this means a transition toward the principles
of the circular economy: designing buildings as materials banks, using biodegradable or fully
renewable materials, and integrating closed-loop systems for water and nutrient cycles (e.g., water
purification systems, integrated green infrastructure).

Adaptability and responsiveness. Nature does not produce static or monolithic solutions. Living
organisms constantly respond to environmental changes in real time — leaves orient themselves
toward the sun, stomata open for gas exchange, animals’ fur adjusts its density. In architecture, this
translates into kinetic and adaptive facades capable of altering their configuration, transparency, or
thermal conductivity in response to weather conditions, time of day, or user needs, thus optimizing
microclimate and energy consumption.

The theoretical principles of bionics find practical embodiment in concrete architectural and
engineering solutions that enable a radical reduction in building energy consumption and significantly
improve the quality of the indoor environment.

One of the most widely cited and recognized examples of the successful implementation of a
bionic principle at the scale of an entire building is the Eastgate Centre in Harare, Zimbabwe (architect
Mick Pearce, 1996) [8]. The architectural task involved creating a large office complex in a hot

ISSN 2786-6696 Modern construction and architecture, 2025, no. 14, page 9-16
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climate without relying on expensive and energy-intensive air-conditioning systems. The architect
turned to an analysis of the mounds built by the African termite species Macrotermes michaelseni.
These termites are able to maintain a stable internal temperature (approximately 30-31 °C) within
their nests, enabling the cultivation of fungal gardens, despite the significant fluctuations in outside
temperature, which range from 3 °C at night to 42 °C during the day. They achieve this through a
sophisticated system of ventilation channels and the use of stack effect. Warm air generated inside
the mound rises and exits through an opening, creating a pressure differential that draws cooler air in
through the porous lower sections of the structure. At night, the cool outside air chills the massive
walls of the termite mound.

Mick Pearce employed this principle in the design of the Eastgate Centre as follows:

Passive ventilation. The building consists of two blocks separated by an atrium covered with a
glass roof. Ventilation operates through natural stack effect. Fans (which consume significantly less
energy than air-conditioning compressors) draw in cool night air from outside.

Thermal mass. Air circulates through cavities in the concrete floor slabs, cooling the building’s
massive structure (similar to the role of soil mass in a termite mound).

Daytime cycle. During the day, the ventilation system is largely switched off. The concrete
mass, cooled overnight gradually absorbs heat generated by occupants, lighting, and office
equipment, maintaining a comfortable indoor temperature (23-25 °C). Warm air from the offices
rises and exits through exhaust shafts on the roof, creating a draft that promotes the inflow of fresh,
cooler air from below.

As a result of this bionic strategy, the Eastgate Centre consumes less than 10 % of the energy
that would be required for a conventional building of similar size equipped with full air-conditioning
in a comparable climate [9]. This example clearly demonstrates the economic and environmental
effectiveness of bionics.

While the Eastgate Centre illustrates the imitation of a natural system, adaptive facades
represent the imitation of processes and reactions characteristic of living organisms. An innovative
direction involves integrating living biological processes directly into the building envelope. A
striking example is the BIQ Building (Hamburg, Germany, 2013) [10]. The fagcade of this building
consists of glass panels that function as photobioreactors. Within these panels, microalgae are
cultivated in a nutrient-enriched aqueous solution. The system performs several functions
simultaneously:

Adaptive shading. In sunny weather, the algae grow actively (photosynthesize), making the
suspension denser and greener, which effectively shades the interior spaces and prevents overheating.

Energy production (biomass). The algae are periodically harvested, and the resulting biomass
is used in a cogeneration unit to produce biogas (methane), which supplies the building with heat and
electricity.

Thermal energy. The water inside the panels is heated by the sun. This heat is captured by heat
exchangers and used for space heating and domestic hot water.

Thus, the fagade transforms from a passive envelope into an active, metabolic element that
generates resources and adapts to external conditions, much like a plant leaf.

Other approaches to adaptation involve creating systems that respond to environmental changes
without energy input, relying instead on the intrinsic properties of materials.

One such mechanism is the "pinecone principle” (hygroscopicity). Pinecones open their scales
in dry weather (to release seeds) and close them in humid conditions. This movement occurs passively
due to the differing fiber structures in the two layers of each scale, which expand differently when
absorbing moisture (the hygroscopic effect). In architecture, this principle is applied in hygromorphic
envelopes. For example, the research pavilions of the ICD/ITKE at the University of Stuttgart feature
fagades made from composite wooden panels. These elements are engineered so that they change
their curvature (opening or closing) solely in response to variations in relative humidity, thereby
regulating ventilation and daylight without any sensors, motors, or power sources [11].

Another biomimetic strategy is the "porous leaf principle”. Microscopic pores on a leaf’s
surface open and close to regulate gas exchange depending on light levels and humidity. This concept
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has also been translated into architecture and has inspired the development of mechanical kinetic
fagades. The most well-known example is the Al Bahar Towers in Abu Dhabi. Their fagade consists
of thousands of individual modules. These "umbrellas” automatically open and close throughout the
day in response to the sun’s movement. They block direct solar radiation while allowing diffuse light
to enter, which, according to calculations, reduces heat gain by more than 50%, significantly
decreasing the need for air-conditioning [12]. It should be noted that this system is mechanized
(unlike the passive "pinecone principle™ described above), yet it directly emulates the biological
strategy of adapting to extreme conditions through dynamic changes in form.

The examples presented illustrate how the shift from merely copying natural forms to imitating
natural processes and systems enables the creation of architecture that enters into a synergistic,
productive interaction with the environment — an essential principle of sustainable development.

Examining how bionic principles optimize the use of other key resources — namely water and
materials, and how they support the creation of closed-loop systems, several factors can be identified.
In the context of global freshwater scarcity, architecture must transition from simply consuming water
resources to actively harvesting and managing them efficiently. Nature offers unique strategies for
survival in extremely arid environments.

A classical example is the Namib Desert beetle (Stenocara gracilipes). This insect is capable of
collecting drinking water from fog carried inland by ocean winds. Its elytra possess a unique
microstructure: hydrophilic bumps alternate with flat hydrophobic channels coated with a wax-like
substance [13]. Moisture from the fog condenses on the hydrophilic peaks, forming microscopic
droplets. Once a droplet reaches a critical size, it detaches and, landing on the hydrophobic surface,
easily rolls along the channels directly toward the beetle’s mouthparts.

This mechanism has inspired the development of fog-harvesting systems. While similar
systems existed earlier, the bionic approach makes it possible to optimize their performance by
creating surfaces with controlled hydrophilic and hydrophobic structures. In addition, facade panels
and roofing materials capable of passively collecting atmospheric moisture (condensation, fog, dew)
and directing it into a building’s rainwater harvesting system are being developed. The principle can
also be integrated into supply-air systems for passive dehumidification or humidification, reducing
the energy required for air treatment. Such technologies have the potential to enable autonomous
water-supply systems in arid and coastal regions.

The principle of "doing more with less™ is fundamental to biomimicry. Nature does not rely on
excessive material; instead, it optimizes form and structure to achieve maximum efficiency with
minimal expenditure of energy and matter.

For example, the internal structure of bones — particularly trabecular, or spongy, bone — is not
solid. Its latticed configuration corresponds precisely to the lines of load and stress acting upon the
bone, a principle known as Wolff’s law. Material is present only where it is structurally necessary.

Another example is spider silk. In terms of specific strength, it can surpass steel while remaining
exceptionally lightweight and flexible. This performance arises from the complex hierarchical
arrangement of its protein molecules [14].

Plant structures such as leaf morphology (e.g., the ribbed structure of the Victoria amazonica
water lily) or the form of tree trunks are likewise optimized to provide stiffness and resistance to wind
loads.

Modern computational modeling techniques allow architects and engineers to adopt this
biological approach to design. In such processes, the software grows the structure by adding material
only where it is required to carry loads, while removing it from areas where it is unnecessary. The
resulting components are lightweight, filigree-like elements that can save 40-60% of material
compared to conventional beams or columns.

The architectural work of Frei Otto serves as a classic example of bionics. His design for the
roof of the Munich Olympic Stadium is a materially efficient tensile structure whose form is dictated
solely by the forces of tension.

Additive manufacturing technologies (3D printing) in construction make it possible to realize
complex, optimized geometries that would be impossible — or prohibitively expensive — to produce
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using traditional methods. This opens the door to directly replicating efficient natural structures.
Minimizing the use of primary materials, creating lighter structures (which reduces foundation loads
and transportation costs), and the potential application of biopolymers for 3D printing are all steps
toward a zero-waste, closed-loop construction paradigm.

Thus, analyzing evolution, principles, and concrete examples of bionic architecture makes it
possible to systematize its advantages and identify the key challenges that hinder its widespread
implementation.

The implementation of a bionic approach offers a range of multifaceted advantages that extend
far beyond purely aesthetic or engineering considerations, including:

1. Energy efficiency and reduced operational costs. The example of the Eastgate Centre
demonstrates that passive bionic thermoregulation systems can significantly (up to 90%) reduce
energy consumption for heating, ventilation, and air-conditioning — typically the largest component
of a building’s operating expenditures.

2. Enhanced comfort and indoor environmental quality. Passive ventilation systems ensure a
continuous supply of fresh air, while adaptive fagades optimize natural daylight. Together, these
features create a healthy and productive indoor microclimate for occupants.

3. Resource efficiency. Structural optimization based on bionic principles substantially reduces
material intensity in construction —and consequently, the energy required for raw material extraction,
manufacturing, and transportation.

4. Resilience and adaptability. Buildings capable of passively responding to climatic shifts
(such as hygroscopic pavilions) or autonomously harvesting water are less vulnerable to energy crises
or disruptions in centralized infrastructure networks.

Despite these evident benefits, the widespread adoption of bionics faces several notable
challenges:

High cost of research and innovation. Bionic solutions require extensive preliminary research,
computational modeling, prototyping, and testing (as in the Al Bahar fagade or the BIQ bioreactors).
This increases initial project costs, which may deter investors who are not prepared to evaluate full
life-cycle benefits or long-term savings.

Need for deep interdisciplinary collaboration. Effective bionic design cannot be achieved
within traditional linear project structures. It requires close cooperation among architects, biologists,
materials scientists, engineers, and climatologists from the earliest design stages [15]. This poses
organizational and communication challenges for the construction industry.

Issues of scaling and standardization. Many innovative solutions remain at the level of
experimental prototypes. Transforming them into standardized, certified, and economically viable
construction products remains a complex technological and market challenge.

Regulatory constraints. Building codes are inherently conservative and typically focus on
established materials and systems. The integration of dynamic and adaptive mechanisms requires the
development of new standards and evaluation methods to ensure reliability and safety.

Thus, bionics offers a shift from the industrial paradigm of opposing nature toward a paradigm
of learning from nature and integrating its most efficient solutions. The future potential lies in moving
from the imitation of isolated biological principles to the emulation of entire ecosystems.

The architecture of the future will employ "living" materials (e.g., mycelium-based insulation,
self-healing bacterial concrete); function as a metabolic system integrated into urban cycles (purifying
air, managing stormwater, sequestering carbon); and generate more clean energy and water than it
consumes [16].

Conclusions. Contemporary bionics has progressed from formal imitation (biomorphism) to
the deep adoption of principles, processes, and interconnections characteristic of entire ecosystems.
This transition is precisely what makes it relevant for addressing the complex challenges of today.

The principles of natural energy efficiency (passive strategies), cyclicality, and adaptability
(response to environmental changes) form the foundation for implementing sustainable development
in construction. The analysis of examples such as the Eastgate Centre (passive termite-mound
thermoregulation), the BIQ Building (fagade bioreactors), the Al Bahar Towers (kinetic shading),
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along with strategies for water harvesting and structural optimization, confirms the practical viability
of bionic solutions. They make it possible to drastically reduce energy and resource consumption
while simultaneously improving indoor environmental quality.

The main advantages lie in comprehensive optimization, reduced operational costs, and
increased comfort. At the same time, significant barriers remain, including high initial costs, the need
for deep interdisciplinary integration, and regulatory hurdles.

In summary, the bionic approach directly contributes to achieving key goals of sustainable
development. Bionics extends beyond a purely engineering methodology; it forms a new architectural
philosophy based on learning from, interacting with, and integrating natural models. It provides a
pathway toward designing adaptive and efficient systems capable of genuine synergy between the
built and natural environments.
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BIOHIKA SIK OCHOBA CTAJIOT'O PO3BUTKY B CYYACHIN APXITEKTYPI:
EHEPITOE®EKTUBHICTDb TA CHUHEPI'IA 3 HABKOJIMIIHIM CEPEJJOBUIIEM
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Xapxkiscokuil HAyioHANbHUUL YHIBepcumem micbko2o 2ocnodapcmea imeni O.M. bexemosa
ByJ1. YopHornasiBebka, 17, M. Xapkis, 61002, Ykpaina

Anortanisi. CTaTTs NMPUCBSIYCHA JOCTIHKEHHIO O10HIKH SK HayKOBO-METOOJIOTIYHOT OCHOBHU
JUISL CTBOPEHHS apXiTEKTypH CTaJIOro PO3BHUTKY, 34aTHOI A0 €Heproe(eKTUBHOro (hyHKIIOHYBaHHS
Ta CHHEPrii 3 HAaBKOJIMIIHIM CEPEIOBUIIEM. Y CTaTTi JOCTIHKYEThCS €BOJIOLNIS OIOHIKHA Bij
(hopManpbHOTO HACHITyBaHHS OpPraHiYHUX (OPM J0 KOMIUIEKCHOTO 3aCTOCYBaHHS O10MIMETHYHHX
npuHIUIiB. Ha KOHKpeTHHX NpHKIaaax, TAaKUX SK CHCTEMa NMAacMBHOI BeHTW ALl OymiBmi Eastgate
Centre y 3im0abBe, 3amo3ndeHa 3 apXiTeKTypH TEPMITHHKIB, a00 KOHUEMii (acaziB, sKi IMITYyIOTh
(hoTOCHHTE3, ¥ CTATTI PO3KPUBAIOTHCS MEXaHI3MHU peaiizamii OioHIYHMX pimeHb. Okpema yBara
NpUIIeHa aHalli3y eHeproe(eKTUBHOCTI, aJanTHBHOCTI Ta pecypco30epiraroumx SKOCTeH
OloiHCTIipOBaHUX 00’ E€KTIB.

VY cTaTTi TakoX PO3IISHYTO CydacHE PO3yMiHHs O10HIKH, iK€ (OKYCY€ThCS Ha MPUHIMIIAX
IUKJITIYHOCTI, aAanTHUBHOCTI Ta OE3BIIXOIHOCTI, SIKI 3alO3WYCHI y MPUPOJHUX EKOCHUCTEMax. Y
JOCITIJKeHH] JIeTalbHO TPOAHATI30BaHO KOHKPETHI MPHUKJIAIH: B/l MACUBHUX CHCTEM BEHTUJIALIT Ta
TEPMOPETYJIAIII 32 MPUKIAIOM TEPMITHHUKIB, JO aJaNTUBHHUX (AacaHUX CHUCTEM, SKI IMITYIOTh
¢dorocunTe3 abo MexaHi3MH peryslii y pociud. OkpeMy yBary HNpuAIICHO CUHEPTil 3 JOBKULISAM,
SIK€ MOJKJIMBE 3aBJSIKU €()EeKTUBHOMY YNPaBIIHHIO pecypcamu. 30KpemMa, 3all03UYeHHIO MEXaHI3MiB
300py BOJM y MYCTEJIBHUX KOMax Ta BUKOPUCTAHHIO JIETKMX Ta MIIIHUX CTPYKTYp 3a QHAJIOTIE0 710
010JI0T1YHUX MPOTOTUNIB (KICTKH, TAaBYTHHA) AJIsl MiHIMI3a1lii MaTepialloEMHOCTI.

VY X011 00roBOpeHHs CUCTEMAaTU30BaHO MepeBaru 010HIYHOTO MiaX0oay (eHeproeeKTUBHICTD,
3HIDKEHHSI eKCIUTyaTaliiHUX BUTpAT, MIJBUIIEHHS KOMQOPTY) Ta MPOaHaTI30BaHO BHUKIHMKH, 5K
MOB’si3aHl 3 HOr0 BOPOBA/DKCHHAM (Taki SK BHCOKA BapTICTh JOCHIIKEHb, MOTpeda y
MDKAMCHMIUTIHAPHIN criBrpali). Y cTaTrTi 00rpyHTOBaHO, 10 O10HIKa BUCTYMAE SIK IHCTPYMEHT JJIst
BUpIILIEHHS iH)KEHEPHUX 3aB/aHb, a TAKOX SIK JpaiiBep popMyBaHHs HOBOT apXiTeKTypHOI disocodii,
CTIIPSIMOBAHOT Ha CHHEPTII0 MK PYKOTBOPHHM CEPEIOBHUIIIEM Ta MIPUPOTHHM.

[TpakTu4He 3HAUEHHS JAHOTO JOCIIPKEHHS MOJISTae B TOMY, 10 HOTo MaTepiajiu MOXyTh OyTH
BHKOPHUCTAHI HAYKOBIISIMH, JOCTIAHUKAMH, BUKJIAJa4aMH, aclipaHTaMu Ta CTyJCHTaMHu y MpoIieci
HAYKOBHUX JIOCIIJIKEHb Ha CyTOJIOCHY TEMATHKY .

Kurouosi ciioBa: 6ioHika, apXiTeKTypa, €eHeproeeKTUBHICTh, HABKOJIUIITHE CEPETOBUIIIE.
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Abstract. The problem of re-creation of architectural heritage has traditionally remained within
the field of conflicting assessments. The classical doctrine established by the Venice Charter
interpreted authenticity through the material substance of the monument; therefore, any re-creation
was regarded as falsification. At the same time, historical experience shows that when not only the
material fabric but also the very space of memory is lost, re-creation becomes the only means of
restoring cultural continuity. At the turn of the 20th and 21st centuries, under the influence of the
Nara Document, the Burra Charter, and the Riga Charter, the concept of authenticity expanded
beyond material substance to include cultural, social, and semantic dimensions and, with this shift,
the very understanding of re-creation also changed.

The purpose of the study is to substantiate re-creation as a cultural act capable of generating its
own authenticity. The methodological framework combines instruments of architectural and
conservation practice with interdisciplinary approaches. The use of historical-analytical, comparative,
system-structural, and hermeneutic methods made it possible to consider re-creation not merely as a
technical procedure but as a cultural act in which architecture becomes a carrier of memory and a
medium of reflecting on the past.

As a result, a conceptual model of the multiplicity of authenticity was proposed (including
material, functional, contextual, and conceptual dimensions), along with a typology of re-creation
forms: scientific, representational, adaptive, imitative, and falsification. The article examines two
polar forms — scientific and falsification — as examples of opposing strategies of interaction between
authenticity and contemporaneity.

The study demonstrates that re-creation is not the antithesis of authenticity: it may serve as its
source, creating conditions for renewed experience and interpretation of the past. In this process, the
genuine and the imagined, memory and the re-created image continuously interact, forming a new,
dynamic authenticity. An open question remains whether a falsified re-creation can, over time,
become living heritage — accepted by society as its own.

Keywords: authenticity, architectural heritage, forms of re-creation, identity, falsification.

Introduction. The issue of re-creating architectural heritage has always generated divergent
views. On the one hand, the classical understanding of authenticity required the highest degree of
care for the original fabric of a monument — for those «traces of time» that convey historical truth.
Within this framework, any re-creation of a lost structure was regarded as falsification, an attempt to
construct the appearance of the real where it no longer existed. This approach is codified in the 1964
Venice Charter [1], which for decades defined the parameters of international restoration practice.

On the other hand, the experience of many countries demonstrates that the need for re-creation
has repeatedly emerged — after wars, disasters, ideological prohibitions or simply through the passage
of time. In some cases, this occurred even before the very notion of a «heritage monument» acquired
its contemporary meaning; in others, it took place when protection systems failed. This raises a key
question: does a re-created object continue the historical narrative, or does it already constitute a new
version of it?

The late twentieth century marked a broadening of the concept of authenticity. The 1994 Nara
Document on Authenticity [2], the 2000 Riga Charter [3] and the Burra Charter (1979-2013) [4]
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demonstrated that authenticity may be expressed not only through material substance but also through
functions, traditions, techniques and collective memories and meanings. From this perspective, re-
creation does not necessarily appear as a substitution of truth; it may operate as a means of restoring
cultural memory and as a gesture of continuing historical dialogue.

The Ukrainian context is particularly illustrative. Here, the issue of re-creation carries a dual
meaning: it is both a response to the immense losses of twentieth- and twenty-first-century
architectural heritage, and an attempt to restore the spaces of memory that were destroyed together
with material structures. In a setting of legal uncertainty and ongoing tension between the «copy» and
the «monumenty, the cultural dimension of re-creation becomes decisive [5]. Ukrainian examples —
from the reconstruction of historic urban centres to the recovery of lost religious buildings —
demonstrate that re-creation increasingly extends beyond a technical operation and becomes a means
of interpreting authenticity in a wider sociocultural sense.

Review of recent studies and publications. The problem of re-creating architectural heritage
occupies an intermediate position between restoration theory, architectural practice and cultural
studies. Several main directions can be distinguished in contemporary academic discourse, within
which this issue is being developed.

Theoretical and doctrinal direction. This group of studies is concerned with interpreting the
principles of authenticity and the permissibility of reconstruction within ICOMOS and UNESCO
international documents, as well as post-conflict recovery guidelines [6].

The problem of re-creation is examined through the debate between the classical school (J.
Viollet-le-Duc, C. Brandi) [7] and contemporary approaches (S. Labadi, S. Mufoz Vifias) [8-10].
These works emphasise the shift from «physical preservation» to «value-based authenticity», which
includes the social and communicative dimensions of a monument.

Cultural and social approach. Re-creation is understood as a form of collective memory, identity
and symbolic representation of the past (P. Nora) [11].

National and regional studies. Another direction comprises works analysing the practice of re-
creation in specific countries — particularly in the post-socialist context (S. Kulevi¢ius) [12]. These
studies show how re-creation is often used as an instrument of memory policy and national identity.

Ukrainian context. In Ukrainian research (O. Plamenytska, O. Chahovets, K. Cherkasova and
others), the topic of re-creation is examined within restoration methodology, regulatory frameworks
and contemporary challenges of heritage protection [13-16]. The focus lies on the relationship
between historical authenticity, legal constraints and the societal demand for recovering what has
been lost.

Thus, the current state of research demonstrates a shift from interpreting re-creation as a
«mistake» to understanding it as a cultural process that generates new types of authenticity.

The aim of this study is to articulate and substantiate the «concept of re-creation» in
architectural heritage as a cultural act capable of generating its own modes of authenticity and shaping
new layers of meaning within a monument.

Research tasks. To disclose the contradiction between re-creation as a «copy» and re-creation
as a source of memory. To delineate the boundary between scientific re-creation and falsification. To
identify the conditions under which re-creation can shift from a technical operation into a mechanism
for reactivating authenticity.

Materials and methodology. The methodology is based on architectural restoration tools and
interdisciplinary approaches. The study applies the historical-analytical method to trace the
development of ideas about «re-creation» and authenticity in restoration practice; the comparative
method to examine different forms of re-creation and their influence on the understanding of
authenticity; systemic-structural analysis to identify the relationships between architectural material,
symbolic meanings, and community memory; and a hermeneutic approach to interpret re-creation not
only as a technical operation but also as a cultural act within contemporary restoration theory.

Research results. As a result of summarising the approaches presented in the works of A.
Tomaszewski, S. Labadi, S. Mufioz Vifias, as well as in international ICOMOS documents, a
conceptual model of the multiplicity of authenticity was proposed.
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The model synthesises four interrelated dimensions — material, functional, contextual and
conceptual which together form an integrated field of authenticity of an architectural object. Each
dimension has its own carriers: the material (original structures and historical construction
techniques); the functional (the initial use and preservation of the object’s operation); the contextual
(the historical and cultural environment and visual connections); the conceptual (the author’s
intention, architectural idea and symbolic content) (Fig. 1).

Thus, authenticity appears not as a fixed property of matter, but as a dynamic system of
interaction between different levels of meaning, which may be reactivated even in cases of complete
material loss.

Fig. 1. The multiplicity of authenticity. Conceptual model. (Author)

Within this multidimensional model, re-creation emerges as a tool capable of activating
different types of authenticity. Depending on its aims, methods and societal context, it may reinforce
the material, functional, contextual or conceptual dimension. For this reason, contemporary practice
demonstrates not a single but several forms of re-creation, which differ according to the source of
authenticity that they reproduce.

The author’s research made it possible to trace how the concept of «re-creation» functions
within contemporary academic, professional and cultural discourses: from terminological and
theoretical approaches to sociocultural and regulatory contexts. As a result, a typology of re-creation
forms was developed, comprising five main forms (scientific, representational, adaptive, imitative
and falsification), which differ in their relation to authenticity and in the ways, they activate it (Fig.
2). Each of them represents a specific way of actualising authenticity, yet none is an ideal or final
model: all forms contain internal methodological and ethical conflicts — between accuracy and
interpretation, memory and function, matter and meaning. These tensions define the contemporary
field of discussion on re-creation as a cultural phenomenon.

This article examines two forms of re-creation: scientific and falsification as two polar models
of interaction between authenticity and contemporaneity.

Scientific re-creation is based on reliable historical sources: drawings, archaeological research
and photographic documentation and is aimed at restoring the original appearance of a monument as
accurately as possible. Its key conflict lies in choosing between economic feasibility and the reliability
of material authenticity: whether it is justified to use historical technologies, rare materials or manual
craftsmanship when this significantly increases the cost of the work.
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Fig. 2. Forms of re-creation. (Author)

The re-creation of the Ottoman bridge in Mostar, destroyed in 1993 during the Bosnian War,
became one of the examples of scientific re-creation carried out under the auspices of UNESCO in
1997-2004 (Fig. 3). The reconstruction project was based on comprehensive archival and
archaeological research, precise on-site recording of the surviving structural elements and an analysis
of the hydrological conditions of the Neretva River. For the restoration of the arch, local Tenelija
stone was used quarried from the same source as in the sixteenth century, along with the traditional
technique of vaulting without reinforcement, using wooden centring. Each block of the bridge was
crafted and numbered by hand, and the old fragments discovered during excavations were
reintegrated into the structure [17].

Fig. 3. The Old Bridge in Mostar. Before destruction and after re-creation

The reconstruction of the bridge became not only a technical re-creation (reconstruction) but
also a gesture of reconciliation, a restoration of trust between divided communities through the act of
joint re-creation. In this case, authenticity appears not only in the material but also in the process, in
which architecture becomes a means of cultural healing and a symbol of unity.

Falsification re-creation. This is the most radical form, creating the illusion of historical truth
while in fact replacing it with a contemporary ideological or aesthetic interpretation. The conflict here
lies between the modern perception of the past and its actual history. Such objects are presented as
authentic but construct an «improved» or «convenienty past that corresponds to political or
commercial agendas.

The Royal Palace in Vilnius (the Palace of the Grand Dukes of Lithuania) was the principal
state residence of the Grand Duchy of Lithuania in the fifteenth—sixteenth centuries. In the nineteenth
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century, it was completely demolished by the Russian administration as part of the imperial policy of
Russification. No vertical elements or structural parts of the palace survived — only archaeological
remains of the foundations [18].

The re-creation carried out in 2002—-2009 became a political and cultural project of independent
Lithuania, a symbol of national dignity, the restoration of state continuity and cultural identity. The
project was actively supported by the government and was perceived as an act of historical justice.
At the same time, the building was constructed entirely from new materials, based on fragmentary
archaeological data, reconstructive hypotheses and a national narrative, rather than on complete
historical and architectural documentation. The palace was presented as «restored», without a clear
public distinction between the new and the old. It was precisely this hypothetical character, together
with the focus on visual recognisability and decorative persuasiveness, that created a situation in
which imitative features merged with an ideological claim to authenticity.

In theoretical terms, this example demonstrates a falsification form of re-creation, in which re-
creation executed without a sufficient source base acquires the status of historical truth, replacing
scholarly verification with an emotional and political narrative (Fig. 4).

s N

e w——t" e e 0 VI = I
Fig. 4. Palace of the Grand Dukes of Lithuania. Image on an engraving and after re-creation

If in Mostar re-creation became an act of reconciliation, then in Vilnius it functions as an act of
self-assertion. The restoration not so much of the historical object as of the image of statehood. Here,
reconstruction does not transform into reconciliation, remaining a symbol of cultural revenge rather
than a renewal of dialogue with the past.

The typology of re-creation forms (scientific, representational, adaptive, imitative and
falsification) is an authorial development created within the framework of the dissertation research
(2022-2025). The full version of the model constitutes part of the materials of the forthcoming
defence. This article provides only brief definitions of the three additional forms that complement
scientific and falsification re-creation.

Representational re-creation is based on the idea that the memory of an object may be conveyed
not through literal replication but through an image. In this form, creative reinterpretation is allowed,
provided that it «honestly» indicates the loss. Here, the intention to preserve memory prevails over
material authenticity. A building or space may take on a new form while still performing the role of
a symbol. This is no longer a copy of the past but rather a system of signs and markers that recall
what has been lost.

This form of re-creation responds to the question: can society accept a new form as a
representation of the past, even if it does not reproduce a specific historical building?

Adaptive re-creation arises when a historical object is brought back into contemporary life as a
repurposed space that preserves only fragments of its historical appearance. The aim of such re-
creation is to integrate the monument into the contemporary socio-economic and cultural context. As
a result, the authenticity of the historical appearance may dissolve and give way to functional
requirements (a museum, tourist centre, art space or administrative building).

The key question is whether such objects remain part of heritage if their present outweighs their
past.

Adaptive re-creation does not deny history but shifts the focus. The monument retains only certain
features of its past, while the new function gradually defines its appearance and mode of existence.

Imitative re-creation creates the «appearance of historicity». It is a stylisation of the past. The
«architectural mask» reproduces recognisable elements of historical architecture but does not claim
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accuracy and does not refer to an actual heritage object. This form of re-creation operates with
emotional «codes of memory»: stone, bastions, medieval roofs, Baroque silhouettes. However, these
elements have no historical anchoring.

Imitation may be honest (when it does not present itself as restoration), but its semantic depth
is always limited: it creates an atmosphere of «once», yet does not reproduce a specific «this was
here». The main question is whether stylisation can be considered part of heritage or whether it always
remains an architectural decoration.

In Ukraine, the experience of re-creating architectural heritage is extremely diverse. In the
period of independence, a number of large-scale projects were implemented: the re-creation of the St
Michael’s Golden-Domed Monastery in Kyiv, the Assumption Cathedral in Poltava, the
Transfiguration Cathedral in Odesa and others. These examples demonstrate a wide range of
motivations, from restoring lost sacredness to creating symbols of national identity.

At the same time, the experience of the Soviet period is of particular interest. Today, several
decades later, it becomes possible to assess these re-creations without ideological layers — not only as
architectural objects but also as carriers of a particular model of authenticity.

One of the most illustrative examples is the re-creation of the Pyatnytska Church in Chernihiv,
which makes it possible to trace how, in post-war restoration practice, the image of «authentic Old
Rus’ architecture» was formed — an image that simultaneously embodied scholarly inquiry and the
mythologisation of the past [19].

Before the Second World War, the Pyatnytska Church in Chernihiv had the appearance of a
Baroque church of the seventeenth—eighteenth centuries with a nineteenth-century belfry. During the
bombings of 1941, the building was almost completely destroyed, with only fragments of the
foundations and lower masonry courses of the twelfth—thirteenth centuries surviving, revealed
through archaeological investigation. These remnants became the basis for the subsequent re-creation
carried out under the direction of Petro Baranovskyi in 1944-1972 (Fig. 5).

il MR R

Fig. 5. Thé Pyatnyfské Church in Chernihiv. Before destruction and after re-creation

The work was based not on direct visual sources, images or drawings of the original church
which did not exist but on archaeological research and comparative analysis of Chernihiv monuments
from the pre-Mongol period. The reconstructed volume reproduced a hypothetical image of an Old
Rus’ church, while all later historical layers were removed. Thus, in the post-war re-creation, the
Baroque church was transformed into an idealised image of «authentic Rus’» — a materialisation of
an imagined past that had been preserved neither in sources nor in memory.

In this case, the re-creation acquired falsification features, creating the illusion of historical
truth without marking its hypothetical character. Today, the Pyatnytska Church functions as an active
place of worship, in which the life of the religious community continues. In this way, the new form
has ultimately become fixed in public consciousness as «authentic», which further complicates the
assessment of its authenticity.

Such cases raise complex questions for researchers: what happens to authenticity when the
hypothetical acquires life, and the imagined is accepted as one’s own? Can an object that originated
as a falsification form of re-creation acquire features of authenticity over time through acceptance,
use and incorporation into cultural memory? At what moment does re-creation cease merely to restore
the past and begin to produce its own history?
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More than half a century of the Pyatnytska Church’s existence shows that, at a certain point,
the hypothetical may become living, and this raises the question: is authenticity measured only by
origin, or also by the duration of cultural life?

Conclusions. The proposed forms demonstrate that «re-creation» manifests in multiple ways
but shares a common foundation: in each case, it functions as a means of engaging with the past
within present-day conditions. These forms make it possible to observe how a society conceptualises
its past, whether by seeking accuracy or by constructing an interpretative image. In this regard, re-
creation operates not as a technical action but as a cultural practice.

Despite their differences, all forms of re-creation exhibit a shared feature: they not only
reproduce an image of the past (including an imagined one) but also create conditions for its renewed
experience and interpretation. Under certain circumstances, re-creation may generate a new form of
authenticity by establishing a framework in which the past interacts with the present. At the same
time, this framework contains inherent ambiguities, as factual and imagined elements, memory and
reconstructed representations may overlap or shift in meaning. Within this zone of uncertainty, a
contemporary understanding of re-creation emerges as a process through which society repeatedly
defines what it recognises as «authenticy.

A question that remains open for further research is whether a falsified or interpretative form of re-
creation can become living heritage when it is accepted, used and incorporated into collective memory.
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BIJITBOPEHHSI APXITEKTYPHOI CITAJIIIIUHU SIK JVKEPEJIO ABTEHTUYHOCTI
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Xapxiscokul HayioHanbHUll YHiGepcumem micbko2o 2ocnodapcmea imeni O.M. Bexemosa
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Anorauisi. [IpoGiiemMa BIATBOPEHHS apXiTEKTYpHOI CHAAIIMHU TPaJMLIAHO repedyBae y momi
cynepewinBux ouiHOK. Knacuuna nokrpuHa, copmoBaHa BeHeriiicbkor XapTi€ro, TpakTyBaia
aBTEHTUYHICTh Yepe3 MaTepiajibHy CyOCTaHLIIO MaM’ITKU, TOMY Oy/ib-sIK€ BIATBOPEHHS PO3IJISIAIOCS
aK ¢anbcudikaiis. Bognoyac icTopudHUi JOCBI CBIAYUTH: KOJIM BTPAYEHO HE JIMIE MATepilo, a i cam
IPOCTIp MaM’sATi, BIATBOPEHHS CTA€ €IMHUM 3aCO00M MOBEPHEHHS KyJbTYpHOI TAriocTi. Hanmpukinii
XX — na noyarky XXI cromitrs i BrumBoM Hapacekoro nokymenta, byppa-xaprii Ta Pusbkoi xaprii
MOHATTS ABTCHTUYHOCTI BUMIILIO 32 MEX1 MaTepiajibHOI CyOCTaHIIii, OXOIMBIIH KYJIbTYPHI, COIIAJIbHI i
CMMCJIOBI BUMIpH, @ pa30M 13 [IUM 3MIHIJIOCS i pO3YMIHHSI CAMOT'O BIITBOPEHHS.

MeToro JOoCTiPKEHHST € OOIPYHTYBaHHS BIATBOPEHHS K KYyJIbTYpHOTO aKTy, 37aTHOTO
MOPOJ/UKYBAaTH BIIACHY AaBTEHTHUYHICTh. METOAONOriYHA OCHOBA JOCIHI/DKEHHS CIIMPAEThCS Ha
IHCTPYMEHTH apXiTeKTypHO-pecTaBpaLiiHOl AISUTBHOCTI Ta MDKAUCHUILTIHAPHI iaxoau. [ToeqHanus
ICTOPUKO-aHAJIITUYHOIO, MOPIBHAJIBHOIO, CUCTEMHO-CTPYKTYPHOIO W TI'€pMEHEBTUYHOIO METOJIIB
JlaJIo 3MOT'Y PO3IVIAJaTH BIATBOPEHHS HE JIMIIE SIK TEXHIYHY 10, a K KyJbTYPHUH akT, y SKOMY
apXITEKTypa CTa€ HOCIEM IaM STl 1 OCMUCIIEHHS. MUHYJIOTO.

VY pesynbrati Oyino 3ampONOHOBAHO KOHLENTYAJIbHY MOJAETh MHOXKMHHOCTI aBTEHTHYHOCTI
(MarepiaabHUN, (YHKLIOHAIBHUNA, KOHTEKCTYAIbHUN 1 KOHIENTYaJbHUA BUMIpH) Ta pO3pOoOICHO
TUMOJOTI0  (OpM  BIITBOPEHHS: HAYKOBY, pENpE3CHTallliiHy, aJanTHBHY, IMITalliiiHy H
(danscudikamiiftay. Y cTaTTi po3TIsSHYTO ABI MossapHi Gopmu: HaykoBa Ta Qanbcudikalliiina, sk
MPUKJIAIA TPOTHIIEKHUX CTPATEriil B3a€MO/IIi MK aBTEHTUYHICTIO i Cy4acHICTIO.

IokazaHo, 1110 BiITBOPEHHS HE € AaHTUTIOAOM aBTEHTUYHOCTI: BOHO MO>KE BUCTYTIATH ii [PKEPEIIOM,
CTBOPIOIOYM YMOBH ISl TTOBTOPHOTO TIEPEKHMBAHHS I OCMHUCIECHHS MHUHYJIOrO. Y IbOMY IpOIeci
CIIpaB)KHE Ta ysIBHE, IaM’STh 1 PEKOHCTPYHOBaHUI 00pa3 MOCTIHHO B3a€MOJIiIOTh, (POPMYIOUH HOBY,
JUHAMIYHY AaBTCHTUYHICTh. BIIKpUTHM 3alMIIAETbCS MMUTAHHSA, YA MOXe (anmbcudikaiiine
BIITBOPEHHSI 3 4aCOM NEPETBOPUTHUCS Ha KUBY CHA/IUHY, IPUHHATY CyCIUIBCTBOM SIK BJIACHY.

KuarouoBi cioBa: aBTEHTHYHICTh, apXITEKTypHa CHaAlIMHA, (OPMHU  BIITBOPEHHS,
IICHTHYHICTB, (pambcudikarisi.
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Abstract. The purpose of the work is to develop basic urban planning principles and conceptual
foundations for the reconstruction of highly urbanized territories that have been destroyed for the
tasks of restoring the urban settlement system. An analysis of the experience of restoring cities and
territories in the post-war period was conducted. Positive examples are based on an integrated
approach with compliance with two conditions — the involvement of local communities and the
development of comprehensive development strategies. situational response — when solving the tasks
of urban development, provided many negative consequences of a significant scale. At the initial
stage of anti-crisis management, the priority task is to update the city's general plan. The general plan
acts as a key document that formalizes the rules, priorities and tasks of urban development activities.

The restoration of territories in conditions of reduced urban potential has a number of specific
features: a decrease in population, loss of industrial production, as well as the degradation of transport
and engineering infrastructure. This is accompanied by a general deterioration in the qualitative and
quantitative indicators of the development of the urban environment.

During the development of the updated general plan, modern principles of spatial development
should be laid down: safety, environmental friendliness, autonomy, energy efficiency, convenience
and comfort, transport accessibility, creation of conditions for employment.

It is proposed to structure the restoration process by hierarchical levels and types of objects. It
is also worth identifying the subjects of management related to reconstruction and forming an
information package for planning and implementing design solutions.

The matrix for analyzing planning units of destroyed territories is proposed as a tool that allows
for typology, determining priorities and creating a basis for forming regulatory regulation of
restoration. It is proposed to use a subject-oriented restoration model.

Keywords: urbanized areas, reconstruction, rebuilding, restoration, master plan, microdistrict,
urban planning, building typology.

Introduction. The restoration and reconstruction of the country in the post-war period is an
extremely difficult task, given the scale of destruction, damage, and socio-economic and demographic
factors. The war has affected different regions of Ukraine in different ways. For some regions, the
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scale of physical destruction is relatively small. The reconstruction of what has been destroyed is
fully in line with current development plans. For the regions of eastern Ukraine, where the front line
moved over a long period of time, the destruction was widespread and territorial in nature. The scale
and nature of the destruction is comparable to that of a settlement, administrative unit, or territorial
entity. The process of rebuilding and restoring objects does not involve individual physical objects
such as houses, industrial enterprises, or structures, but rather settlements, engineering and technical
systems, and territorial settlement systems. In other words, the scale of the tasks is comparable to the
level of adjustment of master plans with corresponding physical and time indicators. A retrospective
analysis of the reconstruction of the USSR after World War II provides examples of mistakes made
at that time. The administrative-command economy set the restoration of industry as its main goal
and task. These tasks were carried out using coercion and administration. Rapid urbanization and the
large rural population at that time served as a resource for industry. Another resource was forced labor.
As a result, after the collapse of the USSR, a significant part of the industry (focused on the defense
sector) proved to be inefficient and burdensome. Industrial regions and single-industry towns fell into
a protracted crisis and depression. The very concept of prioritizing the development of means of
production imposed on a planned economy proved ineffective. The concept of urban development,
established in the late USSR, was progressive in a certain sense at that time, but the implementation
of the provisions of the master plans of the cities of the Ukrainian SSR led to large-scale imbalances,
restrictions on the development of cities, environmental problems, and structural chaos [1]. Thus, as
can be seen in certain urban planning decisions, situational responses to the tasks at hand led to many
negative consequences on a large scale [2].

Analysis of the latest research and publications. The issue of post-war reconstruction has
been analyzed and researched by a large number of scholars. Differences in approaches and directions
are determined by the scale, location, and time periods of armed conflicts. Since World War II, Europe
has not faced a war of such intensity, scope, and scale of destruction. A distinctive feature is the
conduct of hostilities in highly urbanized areas. In these conditions, the front line means the formation
of'a zone of complete destruction. The absurdity of the goals and preconditions of war also aggravates
its consequences. The experience of the reconstruction of European countries and the USSR [3-5] is
of scientific interest in the direction of "working on mistakes".

The reconstruction of the Balkan countries provides experience of positive and negative
concepts and approaches to reconstruction. The countries of the Middle East have certain regional
characteristics, with both positive and negative examples of reconstruction concepts.

Ukraine has not faced similar problems and is therefore not yet ready to offer a clear,
comprehensive reconstruction program. The scientific and methodological foundations for the
country's recovery are an important and urgent task at the national level. In recent years, thorough
domestic research has been devoted to this issue [6-11].

The purpose of the work. Development of basic urban planning principles and conceptual
foundations for the restoration of urbanized areas and cities that have suffered destruction, for the
purposes of updating the system of urban settlements and the planning structure of the eastern region
of Ukraine.

Materials and methods. System analysis and statistical studies were used.

Main material and results. The fourth year of the war allows us to draw some preliminary
conclusions. We can assume that military-civilian administrations — city and regional — are not
instruments of development. Military-civilian administrations are created as instruments of crisis
management during difficult periods of war or special circumstances. Regional and urban
development is a much more complex task, operating in time categories of decades and relying on
development programs that define the general principles, foundations, and concepts of recovery.
Unlike plans, programs are not focused on specific indicators or target figures. Programs are aimed
at implementing goals, achieving specific structural changes, and achieving quality parameters for
the urban environment.

Crisis management can provide impetus — if a scientific and methodological approach is
established, appropriate conditions are created, tasks and a management structure are formed — in the
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form of an urban development working group. Such a working group, within the administrative-
territorial unit — city, urban community — is structured according to the rank of tasks, should be headed
by a chief architect, and include an urban planner with relevant professional education.

The task at hand in the first stage of crisis management is to revise and update the city's master
plan. The master plan is a document that formalizes the rules and objectives of urban development
[12-16]. The master plan is used as a tool for the restoration and balanced development of territories.
The master plan must be expedient, effective, balanced, and transparent. Its key role is to systematize
up-to-date information on demographic, social, and economic indicators that reflect the real state of
the community: its development or decline. It is on the basis of the master plan that programs for
prospective development are formed and priority areas for the restoration and expansion of urban
territories are determined. Realistic restoration plans should be based on actual data and the current
needs of the population. At the same time, the master plan is an important source of information for
investors when making decisions about capital investment. Information about the housing market,
commercial real estate, and non-residential land plots is particularly sensitive. The master plan also
allows for the compensation of shortcomings caused by market distortions. These include distortions
in land values and a lack of interest among private investors in financing social or environmental
infrastructure, which ultimately reduces the attractiveness of the territories. In addition, the problem
of information asymmetry is addressed: internal market participants have more knowledge about local
specifics than external investors.

Territorial recovery after hostilities poses particular urban planning challenges: population
decline, loss of industrial potential, and degradation of transport infrastructure [17]. Recovery is
taking place against the backdrop of a decline in the quantity and quality of the urban planning base,
which makes these processes particularly difficult.

Despite this, the reconstruction process must be based on the fundamental principles of
sustainable urban development: improving convenience for residents, a safe and comfortable
environment, environmental friendliness, autonomy, energy efficiency, transport accessibility, the
creation of new jobs, and the provision of a full range of social services in accordance with state
standards.

International practice shows that for the effective restoration of degraded areas, it is necessary
to focus investment on the development of infrastructure — transport, engineering, and the creation of
new jobs. Special attention should be paid to the preservation of the natural environment as a
prerequisite for sustainable development.

The master plan also addresses the social development of the urban environment: it provides
for the rational planning of the street and road network, the location of kindergartens, schools, parks,
green areas, and recreational spaces. In addition, it sets out restrictions and requirements for
environmental protection, maintaining a balance between urbanization and natural resources. Since
the master plan has the characteristics of a regulatory act, it must undergo an approval and adoption
procedure in accordance with the provisions of the legislation on regulatory activity. Approval of the
master plan involves publication, public discussion, regulatory impact analysis, and subsequently,
procedures for monitoring this impact must be provided for.

The current challenges and organizational constraints in the reconstruction process are due to time
constraints and the scale of the destruction. The key problem lies in the urgency of the situation, which
requires quick decision-making and tight deadlines for the development of recovery plans and programs.
Existing studies emphasize the lack of well-developed general scientific and practical approaches to the
organization of recovery processes, which is particularly acute in wartime [18].

Among the main challenges caused by the war, the following can be highlighted: population
decline, which has a persistent negative trend; loss of industrial potential due to the destruction or damage
of production facilities; partial destruction of infrastructure, with a simultaneous decline in the population
of many administrative-territorial communities; the need to formulate approaches to decision-making on
the scale and nature of the reconstruction of settlements — partial or complete; the need to identify the
responsible authorities and procedures for making management decisions on reconstruction.
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The content of reconstruction programs, as well as the initial data for their preparation, should
cover a wide range of interrelated issues. Already at the initial stage of organizational planning, a
number of burdensome circumstances can be expected:

— shortage of qualified specialists;

— limited time frame for preparing urban planning documentation;

— difficulty in objectively assessing the extent and nature of the damage;

— uncertainty regarding the legal status of ownership, inheritance, and property rights.

In response to these challenges, it is advisable to develop a generalized model for the restoration
of settlements affected by large-scale destruction. Such a model should [17, 19]:

— define hierarchical levels and objects of reconstruction (territorial, sectoral, infrastructural);

— outline management entities and types of activities within the scope of reconstruction;

— structure the reconstruction information package — a list of data necessary for decision-making;

— formalize design decisions for the reconstruction of individual objects and functional elements.

Table 1 provides an example of a planning unit analysis matrix (using the city of Rubizhne as an
example). The cities of Lysychansk, Severodonetsk and Rubizhne in the agglomeration received updated
master plans after 2015. Urban planning documentation was reviewed and adjusted to reflect the
situation caused by the occupation of part of the region and the formation of a demarcation line. The
master plans for the cities were approved in 2023-24 with the aim of forming a framework document.
Changes to urban planning documentation and adjustments to master plans are expected during the
reconstruction phase, taking into account the urban planning rationale for the actual state of the
settlements. Option/concept of restoration/reconstructionl is proposed for consideration by individual
planning units of the city master plan, taking into account the urban planning analysis of the feasibility
of the functional use of land plots. The procedure for developing, updating, amending, and approving
urban planning documentation [ 14, 15] is proposed to be supplemented with an analysis of the concepts
of functional use of planning units. A simple "yes-no" dichotomy is supplemented with a SWOT analysis
of urban planning rationale.

The city master plan serves as a basic tool for identifying and analyzing planning units that
share common typological features, types of damage, functional purpose, and spatial
interconnectivity [14]. The identification of such units and their separate processing — with the
development of reasonable scenarios and directions for restoration — allows for the rapid
accumulation of primary information necessary for strategic decision-making.

Generalised, deductive reconstruction decisions are recorded in urban planning documentation
at the city or territorial community level. The general model for the reconstruction of settlements that
have suffered large-scale destruction provides for:

—the definition of hierarchical levels and objects of reconstruction;

—generalization of management entities and types of activities;

—formation of an information package for reconstruction;

—formalization of design decisions for individual objects and elements of reconstruction.

Conclusions:

1. Effective planning is based on fundamental urban planning principles that must be taken into
account when renovating urban areas in eastern Ukraine. These include: safety and quality of the
environment, environmental friendliness, autonomy and energy efficiency, transport accessibility,
creation of new jobs, and infrastructure that meets the real needs of the population. The problems of
modern post-war urban reconstruction include the risk of a "budget trap" in single-function settlements.
Young people, as an active part of the population, are leaving the area en masse, while socially vulnerable
groups are unable to ensure sustainable development, which provokes a recessionary spiral of
demographic and economic degradation. In such conditions, it is important to balance the functional
content of cities in accordance with their demographic potential, both at the present moment and taking
into account long-term forecasts. Alternative scenarios should also be considered, including: complete
or partial reconstruction of a settlement; relocation of a new settlement to another area; or demolition of
a destroyed settlement with subsequent recultivation.
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Table 1 — Example of a planning unit analysis matrix (using Rubizhne as an example)

No Planning unit Parameters Status, T}{po.loglcal Op'[lOIl/COIlICCI?t of
description restoration
1 2 3 4 5
The college is located
Rub1zhn§ Industrial |on a 6-hecta're site. Change of functional
Pedagogical The academic urbose tosether with
College. Founded |building (1939), purpose tog
. the site.
in 1944. 730 workshops, % L .
. Restoration is possible
students. 109 dormitory, sports .
. . |only in the case of the
1 employees, grounds, and driving f .
) ’ .. ormation of an
including 50 course training . P
educational institution
teachers. ground. .
with complete
Relocated to Completely .
. . |reconstruction of the
Kolomyia, Ivano- |destroyed. The main complex
Frankivsk region.  |building is beyond plex.
repair.
The college is located
Rubizhne ina park area. Maln Change of funct1on?11
Polytechnic College building, educational |purpose together with
buildings, workshops, |the site.

¥ named after Poray-
@ Koshytsia. (1927

dormitory, sports
grounds. Private

*Restoration is possible
only in the case of the

2 . j Rubizhne Chemlcal buildings around the |formation of an
and Mechanical . . S
. perimeter. educational institution
&% Technical School.) .
9 specialties, 290 Completely with complete
[ ’ destroyed. The main |reconstruction of the
licensed places 1
building cannot be  |complex.
restored.
. Preservation of
Forms the planning .
. . functional purpose.
axis of the old city . .
Restoration is advisable
center. An area of .
& Pomeranchuk . |on the basis of
complete destruction. .
3 Street. Old town . .. . |developing a new
. Combines residential . .
center. s . planning solution that
buildings with . .
Lo complies with the
administrative
s updated master plan for
facilities. .
the city.
Preservation of
A separate complex |functional purpose. Easy
Luhansk State located in the adaptation for
4 Medical University |[northern part of the |educational institutions.
.|Complex city. Rational structure of the
Relatively preserved. |site, convenient
transport links.
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Continuation of Table 1

1 2 3 4 5
Rational structure of
Yuzhny residential | the territory,
area, Zabirkyne. convenient transport
The Khimikov- Zorya National llnks.' Preservation of
Nature Park. functional purpose.
5 Gorky L )
. . Forms a separate Restoration is possible
residential area . .
planning area. in the event of the
Practically reconstruction of the
destroyed. city-forming
enterprise NPP Zorya.
Situation analysis.
Residential houses Status.determmatlon.
e Updating the
The individual are almost .
6 . functional purpose of
sector of the city. | completely .
destroyed the site. Concept of
the site restoration
. program.
Phb,a ity WGBS
Option/concept for restoration/reconstruction ! — alternative concepts based on the updated master plan for
the city [14, 15]

2. Such decisions should be made by local authorities, but the standard algorithm for urban
planning in post-war conditions is complicated by many factors. An analysis matrix is proposed as
the basis for the model.

3. Inter-level coordination is necessary to justify strategic priorities for reconstruction:
coordination of planning documents at the local, regional, and national levels. An important task is to
develop adaptive models for the restoration of territories that have suffered various types of
destruction, taking into account their functional load, typology of development, level of engineering
support, and population density.

4. The formation of analysis matrices for planning units in destroyed territories is the
foundation for building an adaptive reconstruction model. It should: structure the restoration at the
level of territories, objects, and functions; ensure coordination between management entities; lay the
groundwork for regulatory procedures; and ensure the prompt formalization of project decisions in
accordance with the current situation on the ground.
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AHoTanisi. Meroro poOOTH € po3poOKa OCHOBHMX MPUHIMUITB MICTOOyTyBaHHS Ta
KOHLENTYaJIbHUX 3acajl PeKOHCTPYKIi BUCOKOYpOaHI30BaHUX TEPUTOPiH, 110 3a3HAIU pyHHYBaHb,
JUTSL 3aBJlaHb BiJIHOBJICHHS CHCTEMH MICBKHX IOCENCHb. [IpoBeeHO aHami3 JOCBiy BiJIHOBIICHHS
MICT 1 TepuTOpid y miciasiBoeHHUU mnepiof. [lo3uTuBHI mpukiaau 0a3yroThCs HA KOMIUIEKCHOMY
HiAXO0A1 3 JOTPUMAHHSAM JBOX YMOB — 3aJy4€HHS MICHEBMX I'pOMaj Ta pPo3poO0Ka KOMIUIEKCHHX
cTpareriii po3BuTKy. CuTyaTHBHE pearyBaHHs — IPY BUPIIIEHHI 3aBAaHb MiCTOOYIIBHOTO PO3BUTKY,
IO CYNIPOBODKYBAJIOCS OararbMa HETaTMBHUMH HACIiKaMH 3HAYHOTO MacmTady. Ha mouarkoBomy
eTari aHTHUKPU30BOTO YIMpPAaBIIiHHSA NPIOPUTETHHUM 3aBIAHHSAM € OHOBIIEHHS I'€HEpPaJbHOIO IJIaHy
MicTa. [eHepanbHUii U1aH BUCTYTIA€ KIFOYOBUM JOKYMEHTOM, 110 (hopMatizye mpaBuia, IpiopuTeTH
Ta 3aBIaHHS MICTOOYIIBHOI MisUTBHOCTI.

BigHOBIEHHS TEpUTOPi B YMOBax 3HM)KEHOTO MICHKOTO TOTCHINATY Ma€ s CrerupiaHuX
0COOIMBOCTEH: 3MEHIIICHHS YUCEIbHOCTI HACEJIEHH, BTpaTa MPOMHCIOBOTO BUPOOHHIITBA, a TAKOXK
JleTpajalisi TPAaHCIIOPTHOI Ta iHXeHepHOi iH(pacTpykrypu. Lle cympoBOmKY€ThCS 3arajbHUM
MOTIPIICHHAM SKICHUX 1 KIJTbKICHUX ITOKa3HUKIB PO3BUTKY MICHKOTO CEPEIOBUIIIA.

[Tix yac po3poOKM OHOBJIEHOTO TEHEPAIBHOTO IUIAHY CJIIJ 3aKJACTH CydYacHI HPUHIMIN
MIPOCTOPOBOTO PO3BHUTKY: O€3IMeKa, EKOJIOTIYHICTh, AaBTOHOMHICTb, €HEproe(eKTUBHICTh, 3pYUHICTS 1
KOM(]OPT, TpaHCTIOPTHA AOCTYNHICTh, CTBOPEHHS YMOB JJIsl 3aHATOCTI.

[TponioHy€eThCSl CTPYKTYpyBaTu HpOLEC BITHOBIEHHS 3a l1€pAapXiYHUMHU PIBHAMHU Ta TUIAMHU
o0'exTiB. BapTo TakoX BU3HAUUTH CyO'€KTIB YHpPaBIiHHA, MOB'A3aHUX 3 PEKOHCTPYKII€I0, Ta
chopmyBaru iHGOpMAIIHHUHN TTAKeT JUTS MTIAaHYBAHHS Ta pealizallii MPOSKTHUX PIllleHb.

Marpuusg a8 aHamidy MJIaHOBUX OAMHUIL 3PYWHOBAHUX TEPUTOPIH MPOMOHYEThCS SIK
IHCTPYMEHT, 1110 J103BOJIsIE TPOBOUTH TUIIOJIOT'110, BU3HAYATH MPIOPUTETH TA CTBOPIOBATH OCHOBY ISt
(hopMyBaHHSI HOPMATUBHO-IIPABOBOTO PETYJIIOBAHHS BiAHOBIEHHS. [IpONOHY€THCS BUKOPUCTOBYBATH
MPEIMETHY MOJIEINTb BiTHOBICHHS
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Abstract. The article is devoted to the urgent problem of predicting the durability of building
materials and structures exposed to complex multifactorial loads, including mechanical, thermal,
seismic, and corrosive effects. Current trends in construction, especially in areas with high risks of
military damage and natural disasters, require scientifically grounded methodologies for assessing
the performance of materials under real operating conditions. The study presents a comprehensive
analysis of numerical modeling methods, with a particular focus on the finite element method (FEM).
This approach enables detailed reproduction of the stress—strain state and makes it possible to account
for nonlinear interactions between different types of loads, which is essential for accurate predictions
of material service life. Special attention is paid to algorithms that integrate mechanical, seismic, and
thermal effects into a unified model, as well as the application of combined methods, including the
boundary element method, the Monte Carlo method, and finite differences. The proposed numerical
schemes were validated against experimental data, confirming high accuracy with deviations not
exceeding a few percent. An additional innovative aspect of the research lies in the integration of
classical numerical methods with machine learning technologies, particularly deep neural networks,
which allow the consideration of complex nonlinear degradation patterns of materials over time. The
study also emphasizes the integration of numerical models with monitoring systems based on IoT
sensors. Such an approach ensures real-time dynamic control of the technical state of building
structures and enables the timely identification of critical deviations. It has been demonstrated that
the application of these algorithms not only improves the accuracy of residual life predictions but also
significantly reduces costs by implementing resource-saving restoration technologies. The
conclusions outline future research directions, including the extension of numerical modeling
methodologies for novel high-performance materials, the advancement of machine learning
techniques, and the creation of fully automated systems for monitoring and predicting the technical
state of building structures.

Keywords: durability prediction, complex loads, finite element method, machine learning,
neural networks, resource-efficient technologies.

Introduction. Building structures are constantly exposed to complex and dynamically
changing external loads, including seismic, wind, static, thermal, and corrosion factors. This problem
is particularly arise in the context of the restoration of buildings damaged as a result of military
operations, when structures undergo additional damage and material degradation, which significantly
complicates their assessment and prediction of further operation [1, 9]. Traditional analysis methods,
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based on separate consideration of individual types of loads, do not allow for effective consideration
of their nonlinear interaction, which may lead to an underestimation of the destruction risks.

The solution to this problem is the use of modern complex numerical methods, in particular the
finite element method and boundary element method, which allow integrating different types of loads
into a single model. This significantly increases the accuracy of predicting the condition of structures,
which is especially important for ensuring the safety and durability of buildings in areas with high
seismic activity, aggressive environmental conditions, and in situations associated with military
destruction [5, 10].

The integration of numerical models with Internet of Things (loT) technologies and sensor
monitoring systems allows real-time information on the condition of structures and immediate
response to potential threats, which is key to making timely decisions on repair and strengthening.
The application of these technologies also contributes to the development of new, resource-saving
structural solutions that optimize material costs and restoration work.

Thus, the development and implementation of modern numerical methods for modeling complex
loads is a critically important task for increasing the reliability, safety, and durability of building
structures in conditions where the requirements for their strength and stability are constantly increasing.

Analysis of recent research and publications. Modern scientific literature pays significant
attention to the use of numerical methods and algorithms for assessing and predicting the durability
of building materials and structures under the influence of complex loads, which is due to the
increasing requirements for the safety and stability of structures.

One of the leading directions of modern research is numerical modeling of the influence of
corrosion on the structural reliability of reinforced concrete elements. In particular, in [9] the authors
performed a detailed analysis using the finite element method (FEM) to predict the bearing capacity
of reinforced concrete structures reinforced with carbon fiber reinforced polymer (CFRP) meshes
with composite cementitious materials. The study took into account the corrosion of reinforcement
and its effect on the strength properties of concrete and reinforcement. The authors use the following
relationship to estimate the effective cross-section of reinforcement after corrosion:

A\eff = A)(l_pc)’ (l)
where Aer — effective cross-section after corrosion; Ao — initial cross-section; pc — degree of
corrosion damage.

In another important study [9], the authors used numerical models to analyze the seismic
vulnerability of structures after large earthquakes. They assessed the risks to buildings, taking into
account structural features, ground motion, and weighting factors of different risk factors. The
empirical and coded seismic vulnerability curves developed by the authors demonstrate high accuracy
in estimating structural behavior, especially for steel and reinforced concrete structures. The paper
proposes an approach to integrating risk factors:

(2)

\ :Zn:WiFi,
i=1

where V — overall vulnerability assessment; wi — risk factor weights; Fi — the importance of a
single risk factor.

Also, in [1], numerical models for assessing the impact of seismic loads using a multifactorial
approach that takes into account both code and empirical approaches to create building vulnerability
curves were investigated. The authors emphasize that the use of such curves is more effective
compared to traditional methods, allowing for a better assessment of the risks of damage and
destruction of structures.

Methods for predicting the behavior of structures under complex loads are also considered in [5].
The authors use numerical algorithms for modeling static and dynamic loads, where differential
equations of motion in the form are solved:

[M]Ui+[Clu+[K]u = F(t), 3)
where M, C, K — respectively the mass, damping and stiffness matrix; u,u,i — vectors of
displacements, velocities and accelerations; F(t) — vector of time-varying loads. The obtained results
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of numerical calculations were confirmed by experimental studies, which confirmed the accuracy of
the modeling [5].

Numerical models based on the variation approach of the theory of plasticity were used to
analyze the durability of masonry under diagonal stresses. The authors [7] investigate the behavior of
brickwork under diagonal tension, providing strength criteria and formulas for assessing the condition
of masonry:

Gt — Fmax , (4)
Acosé

where o — diagonal tension; F — load force; A — cross-sectional area, and 8 — angle of loading
relative to the horizontal. The study demonstrates high accuracy of numerical calculations for
predicting the strength and durability of masonry.

The issue of durability of repaired reinforced concrete structures in corrosive environments is
highlighted in the study [4]. It considers the assessment of the effectiveness of repair materials, where
the prediction of degradation is carried out using models based on machine learning. The authors
demonstrate that the combination of numerical modeling with neural network algorithms allows to
significantly improving the accuracy of predictions and timely plan repair measures [12].

Thus, the analysis of recent studies shows that the integrated use of numerical methods
integrated with modern monitoring and machine learning technologies is a promising direction for
accurate prediction of the durability of building materials and structures under complex operational
loads. This allows significantly increasing the effectiveness of construction measures aimed at
protecting and restoring structures, especially in situations associated with the destructive influence
of external factors.

Aim and objectives. The purpose of this study is to develop, adapt and further improve modern
numerical methods and algorithms for predicting the durability of building materials under the
influence of complex loads, including mechanical, seismic, corrosion and thermal factors. The
complex and simultaneous effects of these loads can significantly worsen the strength and operational
characteristics of building structures, especially in areas with an increased risk of man-made and
natural disasters. In this regard, there is a need to create accurate predictive models and algorithms
that can take into account nonlinear interactions of various types of loads and provide reliable
forecasts of the durability of materials.

The objectives of the study are:

e analysis and systematization of modern numerical methods for modeling the behavior of
building structures;

« improving finite element method (FEM) algorithms and other effective numerical approaches
for more accurate prediction of structural durability;

o development of mathematical models that allow integrating heterogeneous factors
(mechanical, thermal, seismic, corrosion) into a single comprehensive forecasting model;

« experimental validation of developed numerical models using real data and operating
scenarios;

« development of recommendations for the practical implementation of numerical algorithms
in automatic monitoring systems for building structures;

« assessing the effectiveness of integrating numerical models with machine learning methods
to improve the accuracy of predictions of the durability of building structures.

Achieving these goals will allow us to create scientifically sound methods for predicting the
residual resource and optimizing repair measures, which will ensure the durability and safety of building
structures in operating conditions with a high risk of damage.

Materials and research methodology. The work uses a comprehensive approach to the study
of numerical methods and algorithms for predicting the durability of building materials and structures
exposed to complex combined loads. Typical reinforced concrete and brick structures typical of civil
and industrial construction were selected as the objects of the study [14]. The study is based on the
application of numerical methods, such as the finite element method (FEM), the boundary element
method (BEM), as well as machine learning methods for analyzing large amounts of data on material
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degradation. A comprehensive approach to the use of numerical models, combined with modern
machine learning methods, allows significantly increasing the accuracy and reliability of predicting
the durability of building structures, which is confirmed by validation on experimental data [15].

Research results. The development of numerical methods for predicting the durability of building
materials under complex loadings is a key task of modern engineering practice. Taking into account
complex mechanical, seismic, temperature and corrosion effects requires the development of accurate
mathematical models that can predict the behavior of materials over a long operational period [8].

Modern approaches are based on the use of numerical models that allow assessing the behavior
of materials and structures under various operating conditions, including emergency and post-
emergency scenarios.

The main numerical methods used to predict the durability of building structures:

* Finite Element Method (FEM).

* Boundary Element Method (BEM).

* Monte Carlo Method.

* Finite Difference Method.

The use of these methods allows for multifactor analysis of structures and assessment of their
residual bearing capacity after exposure to destructive factors.

The durability of a building material is determined by its ability to withstand accumulated damage
and its residual load-bearing capacity. This relationship can be represented by the equation [2]:

D(t) = Dy + [ (1), T().C(1), S(t) ), (5)

D(t) — degree of material degradation at a point in time t; Do — initial level of damage; o(t) —
mechanical load; T(t) — temperature effect; C(t) — corrosion processes; S(t) — seismic loads.

Thus, the durability of a building material depends on the cumulative effect of loads throughout
its entire period of operation.

Basic numerical prediction methods. The finite element method (FEM) is the main approach for
numerical analysis of the strength and durability of materials. It allows you to break the structure into
small elements, for each of which the equation of mechanical equilibrium is solved [12]:

[KJu=F, (6)

K — structural stiffness matrix; u — node displacement vector; F — vector of external loads.

FEM is used to assess the stress-strain state of materials, especially when analyzing reinforced
concrete structures damaged by seismic or wind impacts.

The Boundary Element Method (BEM) is an alternative to FEM and is used to analyze complex
boundary conditions of structures, such as the interaction of concrete and reinforcement with partial
loss of bearing capacity. The basic equation of this method is [9]:

[B(x)]a=D(x) Y

B(x) — deformation transformation matrix; q — displacement vector; D(x) — vector of internal
forces.

The Monte Carlo method is used for stochastic simulations where material parameters may vary
due to random factors such as corrosion, temperature cycling, structural inhomogeneities. It is based
on numerous iterations to obtain a probability distribution of the material's strength.

The probability of the failure is:

N, (8)

Pt — probability of the failure; Nf — number of cases where limit loads were exceeded; N — total
number of simulations.
The finite difference method is used to model the diffusion of corrosive particles in concrete

structures. It allows predicting the rate of penetration of aggressive substances into concrete:
oC _poC ©)

ot ox?
ISSN 2786-6696 Modern construction and architecture, 2025, no. 14, page 33-45




BUILDING STRUCTURES

C — concentration of corrosive agents; D — diffusion coefficient; x — coordinate in the material,
t —time.

The combined use of numerical methods provides accurate prediction of the durability of
building structures. The finite element method is the most effective approach for modeling the
strength of structures. The Monte Carlo and finite difference methods allow assessing the risks of
corrosion and temperature loads [6].

The impact of repairs on the durability of structures. The study [2] emphasizes the importance of
correctly selected and implemented repair technologies to ensure the long-term operation of building
structures. The main result of this study is a mathematical model that describes the relationship between
the quality of repair work and the predicted service life of restored building elements. To assess the
impact of repairs on the durability of structures, the authors developed a special probability distribution
function:

P(t)=1-¢*, (10)

P(t) — probability of maintaining the operational characteristics of the material after repair over
time t; A — degradation coefficient, which depends on the quality of the repair, operating conditions
and the type of materials used during the restoration of the structure.

According to the results obtained, the degradation coefficient (A) varies significantly depending
on the selected methods and the quality of the repair. The study found that the use of high-strength
materials and strict adherence to the repair processes can provide significantly lower values — of the
degradation coefficient, and, accordingly, greater durability of structures [3].

The distribution function can be written as follows:

P(t) =1—e M, (11)

Zm — coefficient characterizing the quality of materials used for repairs;

Aq — coefficient depending on the quality of repair work;

Ae — coefficient related to operating conditions after repair.

The values of these coefficients, determined experimentally, are given in Table 1.

Table 1 — Degradation coefficients depending on the quality of repair

oty |yt et | g
Low 0.12 0.08 0.09
Medium 0.08 0.06 0.05
High 0.03 0.02 0.01

Table 1 clearly shows that high-quality repair work using appropriate materials and taking into
account operating conditions can reduce the total degradation coefficient to a value of A = 0.06 1/
year, which ensures a projected period of operation of repaired structures of up to 15-20 years,
confirming the high effectiveness of such measures.

The graph in Figure 1 shows the dependence of the probability of maintaining the strength of
building structures after repair on the time of operation at different levels of repair work quality. It is
obvious that the lower the degradation coefficient A (which is achieved due to better quality of
materials, work performance and favorable operating conditions), the slower the serviceability of the
structure decreases over time [11].

In particular, with high repair quality (A = 0.06), even after 20 years, the probability of
maintaining the strength of the structure remains about 70%, which indicates the effectiveness of the
applied repair technologies. At the same time, with average repair quality (A = 0.15), the probability
of strength after 20 years drops to 5%, and with low quality (A = 0.36), the strength is almost
completely lost in 5-7 years (the probability exceeds 90%).
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Fig. 1. Curves of the probability of maintaining strength after repair P on time t

The graph clearly confirms the critical importance of high-quality repairs to ensure long-term
operation of structures, allowing to clearly assess the benefits of resource costs for high-quality
restoration technologies. The results of the study indicate the importance of quality control of repair
work, the correct choice of materials and technologies to achieve high durability of building structures.
The use of the presented numerical models and forecasting algorithms allows ensuring the proper level
of operational properties and minimize the costs of repeated repairs [13].

Numerical modeling of temperature effects. Building materials are subject to temperature
changes, which can cause their thermal deformation and change in mechanical properties.
Temperature loads are especially critical for reinforced concrete and steel structures, as they can lead
to uneven expansion of materials, the formation of internal stresses and microcracks.

For numerical modeling of temperature effects, the thermal expansion equation is used:

T, = AT, (12)

eth — thermal deformation (elongation of the material); o — coefficient of thermal expansion of
the material, 1/°C; AT — temperature change (°C).

This dependence allows us to estimate how much the linear dimensions of building materials
change with temperature changes.

Prolonged exposure to high temperatures causes changes in the mechanical properties of
building materials. For concrete and steel, these changes are largely determined by the temperature
range and heating rate.

Research [5] shows that with increasing temperature, there is a decrease in the strength of
concrete due to dehydration of cement stone. For numerical modeling of this effect, the equation of
the dependence of strength on temperature is used:

o = O'Oe’kT, (13)
ot — material strength at temperature T; oo — initial strength at 20°C; k — exponential coefficient
of strength degradation; T — temperature (°C).

Reinforced concrete has two main temperature factors:

o Expansion of the concrete matrix — concrete expands when heated, which can cause
additional internal stresses.

¢ Reinforcement expansion — Steel reinforcement has a higher coefficient of thermal
expansion than concrete, which results in tensile stresses in the concrete.

Thermomechanical stress in reinforced concrete is determined by the equation:

Oy = E “Tin (14)
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oth — thermal stress; E — modulus of elasticity of the material; e — thermal expansion.

Thermal expansion of concrete is an important physical and mechanical parameter that affects
the durability and integrity of building structures. Studies show that with an increase in temperature
from 20°C to 80°C, the relative expansion of the material increases within 0.02%-0.08%. This
dependence is linear, which indicates a proportionality between the change in temperature and the
magnitude of deformation. When the temperature increases, the expansion of cement stone and fillers
occurs, which causes an increase in the volume of concrete. However, due to different coefficients of
thermal expansion of its components, internal stresses may arise that can negatively affect the strength
of the material. In massive structures, especially with sudden temperature changes, such deformations
can cause the appearance of microcracks and accelerate the process of material degradation.

The study [6] proposes to use the finite element method (FEM) for numerical analysis of
thermal effects on materials. The basic equation of thermal conductivity in building materials is:

oT 15
pCp E = kva, ( )

p — material density; cp — heat capacity; k — thermal conductivity coefficient; T — temperature at
a given point in the material. Solving this equation allows us to estimate how the temperature in a
building structure changes over time.

It is recommended to use heat-resistant materials, in particular concretes based on aluminate
cements and refractory steels, for critical structures. To reduce the effects of thermal expansion,
expansion joints should be designed in large concrete structures. In addition, the calculation of
thermal stresses using numerical simulation (FEM) is necessary to assess the durability of materials.
Thus, numerical simulation of thermal effects allows for an accurate assessment of the behavior of
building materials and predict their durability in changing climatic conditions.

Using machine learning to predict material degradation. The application of machine learning
(ML) methods allows to increase the accuracy of predicting the degradation of building materials and
optimize their durability. These methods are successfully integrated with numerical approaches, in
particular the finite element method (FEM), providing a comprehensive assessment of the state of
structures under the influence of various loads (seismic, thermal, corrosion) [12].

The mathematical foundations of degradation prediction using ML to predict the level of
degradation of building materials using machine learning methods by building a regression model:

Dyred = WF, +W,F, +W;F +w,T, (16)

Dpred — predicted material degradation (in % or conventional units);

Fs — intensity of seismic loads (e.g. peak ground acceleration);

Fc — degree of corrosion (expressed as a percentage of the loss of reinforcement cross-section);

Ft — the effect of thermal loads (temperature cycles);

T — operating time of the structure (years);

W1,W2,W3,W4 — Weighting factors, which are determined by training the model on experimental
data.

According to the results of [5], weighting factors are determined by multifactorial regression
analysis of historical data, which ensures the adaptability of the model to different types of structures
and operating conditions.

Neural networks allow predicting the behavior of materials and structures, revealing complex,
nonlinear relationships. Deep neural networks (DNNSs) are effectively used to predict the degradation
of building materials:

y= f(gwimbj, (17)

y — predicted level of degradation;

Xi — input factors (temperature, corrosion, seismic loads);

wi — weight coefficients determined during the training process of a neural network;
b — bias coefficient (bias).
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The model is trained on experimental data obtained using sensors located on real objects, which
ensures high accuracy of predictions [17].

Statistical metrics such as the coefficient of determination (R2) and mean square error (MSE)
are used to assess the accuracy of machine learning predictions:

> (-9 .
R? =1L MSE ==>"(y, - ¥,)°,
2 (-9 e (18)

yi — real degradation values obtained experimentally;
y,— predicted values;

y —average value of real degradation;

n —number of observations.

These indicators allow us to quantify the deviation of the model from real data and adjust the
learning algorithms [16].

As shown in Figure 2, the use of neural network models provides the highest prediction

accuracy among the considered methods, especially in the case of a large number of interacting load
factors.

2

1,5
1

s 0 m
0

Regression Model Deep Neural Network Recurrent Neural Network
(DNN) (RNN)

B Accuracy R2, ()  mStandard deviation, MPa™2

Fig. 2. Comparison of the effectiveness of machine learning algorithms

The integration of numerical methods and machine learning models with 10T allows for real-
time monitoring of the condition of building structures. 10T sensors collect data in real time, which
increases the efficiency and accuracy of predicting material degradation. This allows for rapid
response to threats, timely repairs or reinforcement of damaged structures.

Research in the field of resource-saving technologies allows to reduce costs when restoring
structures damaged by military actions. The following approaches are used:

¢ Using recycled materials for repairs, which reduces costs without reducing reliability.

¢ Reinforcement with composite materials, which have better strength characteristics at lower
weight.

e Rapidly assembled modular structures for the installation of civil defense protective
structures, which allows you to quickly ensure safe operating conditions for damaged facilities.

The graph in Figure 3 presents a comparison of machine learning methods for predicting the
degradation of building materials according to two main accuracy criteria: root mean square error
(MSE) and coefficient of determination (R?).
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Fig. 3. Comparison of the accuracy of predicting the degradation of building materials by
different ML methods

The lowest MSE value (2.1) and the highest coefficient of determination value (R? = 0.92) are
demonstrated by the deep neural networks (DNN) method, which indicates its high accuracy and
reliability in predicting nonlinear patterns of material degradation. Linear regression has the largest error
(MSE = 5.3) and the lowest prediction accuracy (R? = 0.76), which emphasizes the limited suitability of
this method for complex prediction problems. Gradient boosting (XGBoost) and decision trees
demonstrate intermediate indicators, which makes them acceptable for problems with less complex
nonlinear dependencies. Therefore, it is advisable to use deep neural networks for predicting the
durability of building structures, which provide the highest accuracy among the considered methods.

The proposed numerical methods, combined with machine learning algorithms and integrated with
loT, allow for accurate prediction of the degradation of building materials, providing prompt diagnostics
and saving resources during the repair and restoration of structures, especially in conditions of increased
risk. Further research in this direction will allow for even more effective solutions to the problems of
predicting and preventing the destruction of structures, especially in areas of active fighting [12].

Validation of numerical models. Validation of numerical models is a critical step in the process
of their development and implementation. To confirm the accuracy of the models, it is necessary to
conduct experimental comparisons of the predicted and actual characteristics of building materials
under the influence of various types of loads.

Validation of numerical models is carried out using the following approaches:

o Comparison with experimental data — verification of predicted values using laboratory tests
on material samples.

e Deviation analysis — determination of the average and maximum difference between
numerical and real data.

¢ Correlation analysis — determination of the degree of relationship between numerical and
experimental values.

e Compliance criteria (coefficient of determination Rz, root mean square error RMSE, mean
absolute error MAPE) — statistical assessment of the accuracy of predictions.

The experimental tests conducted allowed us to determine the accuracy of numerical models in
predicting the behavior of materials under complex loads. The results of the comparison of numerical
and experimental data are shown in Figure 4.

The maximum deviation of numerical predictions does not exceed 2.8%, which indicates high
accuracy of modeling. The high correlation between numerical and real data confirms the
effectiveness of the proposed approaches.
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Fig. 4. Validation of numerical models

The following statistical indicators were used to assess the accuracy of numerical models:
The root mean square error (RMSE) is determined by the formula:

/1 n .
RMSE = EZ(M - yi)21 (19)
i=1
yi — experimental values;

y. — values predicted by the numerical model;

n —number of measurements.
The coefficient of determination (R?) is:

R2 . Z(M _yi)Z (20)
> 5-9)

y —the average value of the experimental data.
The mean absolute percentage error (MAPE) is calculated:

04 N —_\
MAPE = 190% 3= |, (21)
n = Y ‘

These criteria allow for a comprehensive assessment of the accuracy of numerical models under
different conditions.

Figure 5 presents a comparative assessment of the accuracy of numerical models: the finite
element method (FEM), the boundary element method (BEM), and the finite difference method
(FDM). The assessment was carried out using three criteria: root mean square error (RMSE),
coefficient of determination (R?), and mean absolute error (MAPE, %).

As the graph shows, the finite element method (FEM) provides the lowest RMSE (0.52 MPa) and
MAPE (1.8%), as well as the highest coefficient of determination R* (0.97). This indicates its high
accuracy in predicting the behavior of building materials and structures compared to other methods. The
largest errors are observed in the finite difference method (FDM), which may indicate the limitations of
its application for modeling complex loads and operating conditions of structures. Thus, based on the
results obtained, it can be concluded that the finite element method is superior in predicting the durability
of building materials and is recommended for widespread use in practical calculations.

Based on the analysis of the accuracy of numerical models, the following practical
recommendations can be formulated:

o Numerical models demonstrate high accuracy, providing a maximum deviation of no more
than 2.8% from experimental data.
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Fig. 5. Assessment of the accuracy of numerical models

¢ The finite element method (FEM) is the most effective method for predicting the durability
of building structures due to its high accuracy and versatility.

e The results of experimental validation confirm the applicability of numerical methods for
assessing the condition and predicting the durability of materials and structures.

e Further research should focus on adapting numerical models to more complex operating
conditions, such as long-term corrosion effects, repeated loading cycles, and other complex factors.

Thus, the use of numerical modeling allows us to accurately predict the residual life of building
structures and make informed decisions regarding their repair, reinforcement, and operation.

Conclusions. The conducted studies confirm that numerical modeling methods are effective tools
for assessing and predicting the durability of building materials and structures under complex loading
conditions, including seismic, thermal, mechanical and corrosion effects. The most accurate of the
numerical methods is the finite element method (FEM), which provides a high level of prediction
accuracy (R*=0.97) with minimal errors (RMSE=0.52 MPa, MAPE=1.8%).

The use of machine learning (ML) methods further increases the efficiency of assessing the
degradation of building materials. Deep neural networks (DNN, R?=0.92, MSE=1.25) and gradient
boosting (XGBoost, R>=0.89, MSE=2.15) demonstrate the best results due to their ability to take into
account complex nonlinear dependencies. At the same time, linear regression has a significantly lower
accuracy due to its inability to describe the nonlinear behavior of materials. Integration of ML
technologies with 10T systems allows you to create dynamic monitoring systems that quickly update
numerical models in real time, ensuring timely response to potential threats.

Resource-saving technologies play an important role in the processes of restoring structures after
war damage. Their use, in particular the use of secondary raw materials, composite materials, and
modular protective structures, allows for a significant reduction in the time and material resources spent
on restoring damaged buildings.

The experimental validation of numerical models showed a high correspondence of the predicted
data to the experimental results, with the maximum deviations not exceeding 2.8%, which confirms the
practical value of the obtained results. Further scientific research should be focused on the creation of
hybrid models that combine the advantages of numerical methods and ML algorithms, the study of the
behavior of new materials (composites, nanomaterials), as well as the improvement of automated
systems for monitoring and forecasting the technical condition of building structures in real time.

Thus, the presented results are of great importance for improving the safety, reliability, and
efficiency of building structures, especially in conditions where there are significant risks of complex
loads and the possibility of military damage.
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Anoranmisi. CTaTTs TpHCBSIYEHA aKTyaJlbHOMY IIMTAHHIO IPOTHO3YBAHHS JIOBIOBIYHOCTI
OyIiBeIbHUX MaTepialiB 1 KOHCTPYKIH, IO 3a3HAIOTh BIUIMBY KOMIUIEKCHHMX OaraTo(haKTOpPHHX
HaBaHTa)XEHb, Cepe/l IKMX MEXaHIYHi, TEPMiuHI, CeHCMIYHI Ta KOpo3iiHi. CyJacHi TCHJICHIIT PO3BUTKY
OyIIBHHUIITBA, OCOOJIMBO Y 30HAaX IiIBUICHOIO PU3HKY BOEHHUX PYHHYBaHb 1 IPUPOJIHUX KATaCTPOd,
IOTPEOYIOTh CTBOPEHHS HAYKOBO OOIPYHTOBAHUX METOIMK OIIHKHM CTaHy MaTepialliB Y pealbHUX
yMOBaXx eKcIutyaramii. ¥ poOOoTi MpoBeICHO IPYHTOBHHUI aHANI3 YKMCEIBHUX METOIB MOJICIIOBAHH,
cepell AKUX LIEHTpallbHe Micle 3aiiMae Merton KiHueBux enemeHTiB (MKE). Came BiH 3a0e3meuye
JeTajai30BaHe BIATBOPEHHS HANPYKEHO-Ae(hOPMOBAHOIO CTaHy Ta J03BOJIIE€ BPAaxXOBYBATH HEJIHIMHI
B3a€MOJIIi MIXK PI3HMMH BHJIaMH HABaHTA)KCHb, 1110 € BU3HAYAILHUM JJII KOPEKTHOTO IMPOTHO3YBaHHS
noBropiyHocti. OcoONMBY yBary NpPHIUICHO alTOpHTMaM IHTErpaiii MeXaHIYHHX, CEHCMIYHHX 1
TEPMIUHUX BIUIMBIB y €IMHY MOJCIb Ta BHKOPHUCTAHHIO KOMOIHOBAHHX ITiJIXOMIIB, 30KpeMa METOIy
IPaHUYHHUX EJIEMEHTIB, MeToay MonTe-Kapno i CKiHYECHHHMX pIi3HHUIb. 3allpOIOHOBaHI aBTOpaMHU
YHCeIbHI CXeMHU OyJIM Balli{lyBaHiI Ha €KCIICPUMEHTAILHUX JAHMX, IO MIATBEPAMIO BUCOKY TOYHICTh
PO3paxyHKIB, BIIXWICHHS SKHX HE IEPEBHINYE KUIBKOX BIiFACOTKIB. Jl0JJaTKOBMM i1HHOBAIIHHUM
aCIEKTOM JIOCHI/DKEHHS CTaJI0 IIO€AHAHHSA KIACUYHUX 4YHCEIbHUX METOMIB 13 TEXHOJOTISIMU
MAaIIMHHOI'O HaBYaHHS, BKIIIOYHO 3 IITMOOKUMHU HEHPOHHUMH MEPEKaMU, K1 JO3BOJISIOTH BPaXOBYBaTH
CKJIaJIHI HEJIIHIMHI 3aKOHOMIPHOCTI Ierpajallii MaTepiaiiB y yaci. 3HauHe Miclie y poOoTi 3aiiMac aHai3
MOJKJIMBOCTEH 1HTErparii 4YrhceIbHUX MOJENEH 13 chucTeMaMy MOHITOPHHIY Ha OCHOBI ceHcopiB IoT.
Takmii migxig 3a0e3reuye AMHAMIYHHN KOHTPOJb TEXHIYHOTO CTaHY OYIIBEIbHHUX KOHCTPYKIUH Y
peabHOMY Yaci Ta CTBOPIOE YMOBH JIJISl CBOEYACHOT'O BUSIBJICHHS KPUTHYHUX BiaxwieHb. [TokazaHo, 1m0
BUKOPHUCTAHHS IMOAIOHUX aJTOPUTMIB Ja€ 3MOTY HE JIMIIE MiJABHINATH TOYHICTH IPOTHO3YBaHHS
3aJTUIIIKOBOTO PECYPCY, a M ICTOTHO CKOPOTHTH BHTPATH 3aBISKH BIIPOBAKCHHIO PECYPCOOIIATHUX
TEXHOJIOT1H BIJIHOBJICHHS. Y BHUCHOBKAaX BH3HAYCHO HAIPSIMH MOAAIBIIMX JAOCTIKCHB: PO3IITUPESHHS
METOJIMK YHCEIBHOIO MOJECIIOBAHHS JUISI HOBHX BHCOKOC(EKTHBHHX MaTepialliB, yJIOCKOHAJICHHS
METO/IiB MAIIMHHOTO HaBYaHHS, a TAKO)K CTBOPEHHS IIOBHICTIO aBTOMATU30BaHUX CHCTEM MOHITOPUHIY
Ta MPOTHO3YBAHHS TEXHIYHOTO CTaHy Oy11BEIbHUX KOHCTPYKIIH.

KirouoBi cioBa: mporHO3yBaHHS JOBTOBIYHOCTI, KOMIUIEKCHI HAaBaHTaXEHHS, METOJ
KIHIIEBUX €JIEMEHTIB, MallTHHHE HAaBYaHHS, HEHPOHHI MEPEXKi, PECYpPCOOIIATHI TEXHOJIOTI.
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11 «Hayxoso-0ocnionuii incmumym 0y0i8eibHux KOHCMpPYKYit»
ByI1. [IpeoOpaxkenceka, 5/2, Kuis, 03037, Ykpaina

AHoTanisa. Po3risHyTO METOA MiJACUICHHS MOHOJITHUX 3aJ11300€TOHHUX IUIMT MEPEKPUTTIB
CTaJIeBUMM OankaMu B HIKHIM 30HI. 3 kiHIg 1990-x pokiB 1 Mo TemepimHiii yac XUTIOBE 1
LMBUIbHE OYyAIBHUITBO B Hamlil KpaiHi 0a3yeTbcs Ha MOHOJITHO-KapKacHI TeXHOJOrii ne
MEPEBaXXHO 3aCTOCOBYIOThCS IJIOCKI IUIMTH MepekputTTs. [lepekpuTTs Haifuactime notpelyroTh
MIJICUJICHHS B HACHIIOK TONIKO/HKCHb, BUKIUKAHUX PI3HUMU TNpPUYUHAMUA a00 TpH 3MiHI
apXiTeKTypHO-IUTAHYBaJIbHUX pilleHb. IliACHIeHHs TakuX NEepPeKpUTTIB CTAICBUMU OajkaMu y
OyaiBeNbHIM MPAKTHUIIl 3aCTOCOBYETHCA JOCHUTH YacTO, OCOOJIMBO Yy BHUMAJKax, KOJHM HE
MOXJIMBO BHMKOHAaTH TIOBHE PO3BAHTAXEHHS KOHCTPYKIIT mnepekpurtsi. KoHCTpyKTUBHI
PIIICHHS TAaKOTO METOAY IiJICHUICHHS HaIpambOBaHI JaBHO 1 MAlOTh JOCUTH OaraTto Bapialliid.
OpnHak, SKIO MpoaHAN3yBaTH HOPMATHUBHY 0a3zy B cdepi PeKOHCTPYKIT 1 IMiACHUIICHHS, TO
MOXXHA BHSBUTH II€BHY HEAOCTady pPO3PAXyHKOBHUX METOMIB JUIsl aHali3y IMiICHIICHUX
KOHCTPYKIii. [lepekpuTTs B cHCTEMi MOHOJITHOTO KapKacy € O0araTOKpaTHO CTaTHYHO-
HEBU3HAYCHOIO KOHCTPYKII€I0, TOMY HOro aJaeKBaTHUM pO3paxyHOK Oe3 3acToCyBaHHS
Cy4YaCHHMX MPOTrpaMHUX KOMIUIEKCIB HaBPSI YA MOXKJIUBUM.

BukonaHo orisg YMHHOT HOPMATHBHOI 0a3u B cdepl peKOHCTPYKLIl 1 miacuiIeHHs. Po3risHyTo
psan myOuikamii B GaxoBUX BHIAHHSX, MPHUCBSYEHUX IIA TeMi 1 PO3paxXyHKOBHM MiIX0JdaM TIpH
MIPOEKTYBAHHI  ITiJICHJICHb. [IpoaHanizoBaHO  KOHCTPYKTHBHI ~ OCOOJHMBOCTI  MiJCHJICHHS
PO3BaHTAXYBAIFHUMU OankaMy. 3arporOHOBAHO MPAKTUYHY METOIUKY PO3PAXYHKY MOHOIITHHUX
IUTAT TICPEKPUTTIB, MiJCHICHUX OalkaMu B HIDKHIM 30HI 32 JIOTIOMOTOI0 MPOTPAMHOTO KOMIUIEKCY
JIIPA-CAIIP. Metonuka 0a3yeTbCs HAa BpaxyBaHHI IMOYAaTKOBOTO J1e()OPMOBAHOTO CTaHY IUIUTH
MepeKpuTTsi. PO3paxyHOK BeleThCS KpPOKOBO-ITEpAIliiHUM METOAOM 3 BpaxyBaHHSAM (i3HUHO-
HEMHIMHUX BJIACTUBOCTEH 3a1i300€TOHY 1 JKHTTEBOTO IMKIY KOHCTPYKIii. OcoOnauBy yBary
NPUAIEHO METOIUIIl MOJETIOBAHHS 30HM KOHTAKTYy «IUIMTAa-O0aika MiJCHICHHS. 30HAa KOHTAKTY
MO/IEITIOETHCS 32 JIOTIOMOTOI0 OJTHOCTOPOHHIX B’s13€H, IKi CIPUIMAaIOTh TUIBKHU 3yCHIUISI CTHCKY .

HaBenenuii anroputm po3paxyHKy ampoOOBaHHN aBTOPOM IIpU TPOEKTYBaHHI OaraThbox
00’€KTiB, sIKi OyJIM peani3oBaHi 1 YCHIITHO eKCIUTYaTyIOThCs BXKE TPUBAJIUNA Yac.

Kuarouosi cioBa. [lnuTa nepekpuTts, 6ajKa miICHUISHHS, MOJIENb, PO3PAXyHOK.

Beryn. B Ykpaini ekcruryatyeTbesi 3Ha9Ha KUTbKICTh OYMHKIB 3 MOHOJITHUMH 3.0. TUTUTaMU
nepekpuTTiB. HeoOXigHICTh MiJCHICHHS TaKUX KOHCTPYKIIA B TPAKTHUIIl TPOEKTYBaHHSA 1
OyAiBHMIITBA BUHUKAE JTy’Ke 4acTo. [lepekpuTTs HaifuacTime notpeOyroTh MiACUICHHS B HACTIIOK
MOLIKO/KEHb, BUKIMKAHUX PI3HUMHM NPUYMHAMU a00 MpHU 3MiHI apXiTeKTypHO-IUIaHYBaJbHUX
pitieHs (301IbpIICHHS] HABAHTAXKEHb, HEOOXiAHICTh BAKOHAHHS OTBOPIB i1 HOBI KOMYHIKaIii 1 T.I.).
IToBHOMacmTaOHa BiiiHa 1€ OuIbIIE 3arocTpuiia Lie MUTaHHA. BUXoJsguu 3 11bOrO, OYEBUIHO, L0
pO3poOKa MPAKTUYHUX METOMIB PO3PAXyHKY MIJCHWICHUX KOHCTPYKIIA 3 3aCTOCYBaHHSIM
JOCTYITHUX NPOTrPAMHUX KOMIUIEKCIB € aKTyaJlbHUM MTUTAHHS.

AHaJji3 ocraHHIX AociailkeHb Ta nyOuaikaniid. HaykoBa cninpHOTa OyaiBeNbHOI Traiysi
VYkpaiHu 3aBXIU NpUAUIAiIa 3HAUYHY YBary NMUTAHHIO MiJICHJIEHHS 1 BIJIHOBJICHHS KOHCTpyKLid. B
poboTtax [1, 2] BUKOHAHO peTeNbHE Yy3aralbHEHHS MHHYJIOrO [OCBiJy KOHCTPYIOBaHHS i
PO3paxyHKIB TIJACUICHHS 3ai300€TOHHUX KOHCTPYKIIiH. PerynspHo BHAaOTbCs HaBYalbHI
nociOnuku [3-5]. YV ¢daxoBux BuaaHHAX MyOJIKYHOTBCS Ta Y3arajbHIOIOTHCS PE3yJIbTaTH
CKCIIEPUMEHTAIBHUX JOCHI/DKEHb PI3HUX THUMIB TmiacwicHHs [6-8]. HaykoBii po3poOssiioTh
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OpHUTIHAJIFHI METOJUKH PO3PaxyHKY MiACHICHHX KOHCTPYKIIM B TOMY YHCJi 1 3 3aCTOCYBaHHSM
pi3HHX TporpaMHUX KoMIuiekciB [9-13]. BrnpoBamkyroTscsi epeKTUBHI pIilIEHHS Ui PEMOHTY i
MOBHO1 3aMiHU KOHCTPYKIIIH, MOMIKOKEHUX B HACIIIJIOK arpecii pociichkoi deaeparii [14].

HopmatuBHa 0aza YkpaiHu B YaCTHHI PEKOHCTPYKIIi, pEMOHTY 1 MiJACUJICHHS KOHCTPYKIIH
npeacrasinera JICTY [15], wactkoBo JIBH [16, ¢.35-37], KOTpi BCTaHOBIIOIOTH 3arajbHi BAMOTH J10
MPOEKTYBAaHHS 1 BUKOHAHHS MiJACWICHHS KOHCTPYKLIA 1 OCHOB. TexXHIUHMI CTaH KOHCTPYKLIN
Bu3HavaeTrbes 3rimHo JICTY [17]. Po3paxyHKM KOHCTPYKIIA 3a TPaHUYHHUMH CTaHaMH MAaloTh
BUKOHYBAaTUCS 3a 3araibHuMu npasmwiamu 3rigao JIBH [18, 19]. HaBantakeHHs Ta BIUIMBH
BHU3HAYarOThCA 3a BkaziBkamu J[BH [20, 21]. JlomycTrmi poruHu 1 epeMilieHHs perjiaMeHTOBaHO
JACTY [22]. 3 iHO3eMHUX HOPMATHBHUX JKepeln BapTo BimzHauuTu ctanmapt CIIIA ACI 562 [23],
SKUi OyB po3poOieHuil IIs iHTerpaiii 3 3araJpHUMH OYIIBEJIbBHMMH HOpMamu. B €Bpomi 3a
BIJICYTHOCTI CIIeIliai3oBaHOro cranaapty 3acrocoBytotbess EN 1990 [24]. [IpakTiuHO BCi 3rajiaHi
HOpPMaTHBHU B cdepi MiIACUICHHS MICTATh OJHY CIUIBHY PUCY — METOJOJIOTIS pO3paXxyHKIiB B HUX
PETIIaMEHTYEThCS B IOCUTHh CTHCIIOMY 00CSI31, aKIIEHT 3p00JIeHO Ha 3arajbHi BUMOTH. Takuii miaxin
Hajae GaxiBISIM-TIPOEKTYBATBHUKAM MOXIIMBICTh TPOSBUTH KPEATHBHICTh Ta THYYKICTh y MPOIECi
OLIIHKM Ta MPOEKTYBAHHS IiJICHIICHHS, 3a0€3Meuy04n Mpu IboMY HEOOXiTHUI piBeHb HaIIHHOCTI
KOHCTPYKIIIH.

Meta Ta 3aBaanHs. Po3poOka mpakTU4YHOI METOIWKH PO3PaxXyHKY MOHOJITHHX 3.0. IUIMT
MEPEKPHUTTIB, MiICUJICHUX CTAJICBUMU OaJlkaMu B HWXKHIK 30H1 3 3acTocyBaHHsM 1K JITPA-CAIIP.

Marepiain Ta MeTOAM MOCHII:KeHHsl. AHaIi3 HOPMATHBHOI 0a3W Ta CHeIialli30BaHOT
jmitepatypu B cdepl MiACHICHHS 3ali300€TOHHUX KOHCTpyKIii. I[loOymoBa po3paxyHKOBHX
CKIHYE€HO-EJIEMEHTHHUX MOJIeIe KOHCTPYKIIiH, aHaji3 pe3yJIbTaTiB pO3paxyHKiB.

Pesyabratn  pociaimkennsi.  [lizcunmenHs 3.0.  TEpeKpUTTIB  MIABEACHHSIM  3HU3Y
pO3BaHTaXyBaJbHUX METaJEeBUX OaJOK €, HAlNeBHO, HAWMOIIMPEHIIUM 1 HAHIPOCTIIINM
TEXHIYHUM pimeHHsM. Haifuacrime BHKOPUCTOBYIOTHCS IIPOKATHI JBOTaBpH Ta KOpPOOYACTi
nepepi3u 3i mBenepiB (puc. 1). KoHcTpykiiisi 0ajgkd MOXe BHKOHYBATHUCh SIK 3 JIOJATKOBHMH
TsOKaMH Tak 1 0e3 HuX. PimeHHs 0e3 TSXKiB € KpalluM 3 TOYKU 30py MEHIIMX rabapuTiB mepepizy 1
BIJICYTHOCTI JOJATKOBHUX IMOIIKO/PKEHb IUTUTH OTBOPAMHU IMiJ TsOKi. Balku MOXyThb omuparucs
Oe3nocepelHbO Ha BEPTHUKAJIbHI €JIEMEHTH Kapkacy a0o Ha 1HII MeTayieBl Oaiku (CTBOPIOETHCS
6ankoBa KiiTuHA). OnopHi By31M Oanok HaiyacTillle BUKOHYIOTHCS IIApHIPHUMHU, 32 JJOMOMOTOI0
MeXaHIYHUX a0o XiMiYyHMX aHKepiB (puc. 1, B). CTBOpPEHHs >KOPCTKHUX OIOPHUX BY3JIB Oayok
MiJICWJICHHS, K TPABUIIO YCKIIQIHEHE 1 Ha MPAKTHUIIl Pealli3yeThCsl HE 4acTo.

a) 1 1
A0
2~ 2
r .
P Puc. 1. [lerani miacuIeHHS IJIUTH CTAJICBUMH OallKaMU:
= g a — cxeMa BIIaITyBaHHs MJICUICHHS 0€3 J0JaTKOBHUX TSAXKIB; O — T€ XK,

3 IOJJATKOBUMHU TSKaMH; B — IPUKJIAJ OMIOPHOTO By3J1a OaJIKM; T — JIeTallb
3aMOBHEHHS 3a30py M1k 0aJKO0 1 INIMTOI0; 1 — MuTa, 1m0 MiACHITIOETHCS;
2 — Oanka miICUIIeHHS; 3 — BepTUKAJIbHI €JIEMEHTH KapKacy;

4 — noaTKoOBI1 TsDKi; 5, 6 — OMOpPHI TJIACTUHU; 7 — MOHTAXXHHUM CTOJIHUK;
8 — ankepu; 9 — 3anOBHEHHS 3a30pY (1I.II. PO3YUH Ta CTaJEBi KIIMHU)

N
=\

Ha nepmomy erami, 6anka mifgcuieHHs Mae OyTH INIJIBHO MPUTHCHYTA 10 HU3Y IUIUTH 32
JIOTIOMOTOr0  JIOMKpatiB (puc. 2, a). [Ipm 1mpomy, MIIIBHUKA KOHTAKT MiIX IUIMTOIO 1 Oaikoro
iCHyBaTUMe TUIbKHM B JIesIKili 30HI B cepeauHi mponboty (puc. 2, 0). [lo3a mi€o 30HOIO 3aBXKIU
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BHHHUKATHME 3a30p, SAKUH 3aMOBHIOETHCS II.II. PO3YMHOM. 3a HEOOXITHOCTI B 3a30pi MOXYTh OyTH
PO3MIIIEH] €JIEMEHTH PO3KIMHIOBAHHS BEPXHBOTO MOSICY OaIKH.

[Tpu po3poO1Ii cxemu po3TanryBaHHs 0ajJoK MIJCHUICHHS CIIiJI Y3TOKYBaTH ii 3 apXiTeKTypHO-
IUTAHYBAJIbHUMH  pilIeHHAMHU (po3TamioByBaTH Oanku Haj mneperopoikamu). lLle mo3Bonse
MOKPAITUTH ©CTeTUYHUN BUIJISAL 00’€KTa 1 MIABHUINYE BOTHECTIMKICTh Oanmku. B Oyab-skoMmy
BUIIA/IKY, BIIKPUTI MOBEPXi CTAJIEBUX OAIOK MalOTh OyTH 3aXHILEHI BOTHE3aXHCHUM IOKPHTTSIM.

3
!
B) | |
A i 5 A 3 4 | A
VAN A
T {\iiiiiii¥¥§¥§§¥§
s 2 |
£ i L I‘T I L a3
3 !
2-2
WA
_,:-*Z_—}//v'—.i‘
&
S
/1|7 /| b

Puc. 2. Jlo cknaganHs po3paxyHKOBOI CXEMH: a — CXeMa BIIAIITYBAHHS MiICHIICHHS TUTUTH
0ankoro; 0 — Te XK, 3 TimepTpoPoBaHUMU ISl HAOYHOCTI eopMallisiMu TUTHTH;

B — CKIHYEHO—€JIEMEHTHA IHTepIpeTalist cxemu; | — rmra, mo miACUIIoeThes; 2 — Oanka
HiICWIICHHS; 3 — BEPTHKAJIbHI €IEMEHTH KapKacy; 4 — MOHTa)KHI IOMKpaTH; 5 — OTHOCTOPOHHI
B's131 CTHCKY; 6 — 3alIOBHEHHS 3a30py; L — po3paxyHKoBHI NpoIiT; L1 — JOBXKHMHA 30HU AOAATHBOL
KpuBM3HU; L2, L3 — TOBXWHM 30H Bia'€eMHOT KpUBU3HH; f0 — TOYaTKOBUI MPOTHH IJIUTH HA MOMEHT
nigcunenns; hs — ToBuHa M TH; hh — mupuHa 6anku; hsh — po3paxyHKOBa BUCOTA IMOCHIICHOT
KOHCTPYKIIii B CKIHUEHO—EJIEMEHTHIN MOJIeN; § — KPOK TPIaHTYJIAIIT MoJIei

Metoauka po3paxyHKy, sika MpPOTOHYEThCS B JaHiii poOoTi, po3pobiieHa it Oamok 6e3
JOJIATKOBUX TsDKIB (puc. 1, a) 1 6a3yeThcsl HA TaKUX OCHOBHHUX 3acajax. Ha MOMEHT miJCUIICHHS
IUIMTA TIEPEKPHUTTS BXKe OoTpuMaia meBHi nporunu fo (puc. 2, 6). Ha npakruii, sik npaBuio (ane He
3aBXK[1), MOXke OyTH 3HSATa YaCTHHA BIUIMBY Ha IJIUTY BiJl Bard MeperopooK, MiAJor i, 3p03yMLJIo,
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TUMYACOBHX HaBaHTa)XCHb. [IpOTWH Bij BIACHOI BarW TUIUTH MPH OiJIBII-MEHIN 3HAYHUX MPOJIHOTAX
KOMIICHCYBaTl JOCUTh CKJIagHO. B TakoMmy Bumaaky, jaepopMoBaHa TMOBEpXHA IUIUTH
XapaKTepU3y€eThCsl HasBHICTIO 30H L1 momaTHoi kpuBU3HM B mposboTax 1 30H L2, L3 Bim emHOL
KpUBHU3HHU 1003y onop. B 30Hi L1 chinbHa po6oTa miuuTH 1 6anku migcuiIeHHs 3a0e3neuyeTbes
CHUJIaMHU TepTS 1 Mae OJHOCTOPOHHIN xapakTtep (ctuck). B 3omax L2, L3 cmimeHa pobora 06e3
JOJJATKOBUX KOHCTPYKTHBHHUX 3aXOiB HEMOXIMBA. [IiICHIIEHHS BKIIOYAETHCS B pOOOTY BiJpasy
TiCIIs 3aKPITUICHHS OAJIKK Ha OMopax 1 IEMOHTaXy MOHTaXKHUX JIOMKPATIB.

[IK JIIPA-CAIIP Hamgae MOXIHMBICTH MOJICIIOBATH CHUJIBHY POOOTY IUIMTH 1 Oaliku depes
OJTHOCTOPOHHI B’s131. B 6i0mioTelll CKIHYEHUX €JIEMEHTIB KOMITICKCY MPUCYTHI BiAIMOBIIHI €JIE€MEHTH,
KOPEKTHICTh 3aCTOCYBaHHS SIKMX TEOpPEeTHYHO oOrpyHToBaHa [25]. Ilpu kpokoBo-iTepamiiiHOMy
PO3paxyHKY B’si31, B IKHX BUHUKAE PO3TSAT, aBTOMATUYHO BHKITIOUAIOTHCS 3 PO3PAXYHKY.

OcHOBHI eTanmu pPO3paxyHKy MPOAEMOHCTPYEMO Ha pEaTbHOMY NPUKIAAI 3 BIACHOI
IH)KEHEPHOT MTPAKTHKH.

1. Buxioni oani. IlpuiiHATO pillleHHs Nepenpo]iIoBaTH IUISHKY 3—TI0OBEpXOBOi CTHIO0ATHOT
yactunu mig TPLI. Konctpykiii kapkacy Bxe moOymoBaHi. [lepeBakuuii kpok koyioH 8.4%x8.4 w,
nepepizu koo 500x500 i 600x600 MM, ToBIMHA TIUTH TIepekputTs 300 MM, runTa 6e30ankoBa i
Oe3kamiTenbHa. [locTaBiaeHa 3ajada: BUKOHATH HOBI MPOPI3M B MEPEKPHUTTI MO HOBUX 00’ €MHO-
IUIaHYBAIBHUX pitieHHsX (puc. 3). [Ipopi3u MaroTh BUKOHYBATUCS TUCKOBOIO MIIIKOK0, 0€3y1apHUM
MetonoM. PoGoda mokymeHTalliss HA BUKOHAHI KOHCTPYKIIi B HasIBHOCTI, apMyBaHHS BIJOME, Kjac
0eToHY KOHCTpPYKIIii BiamoBigae mpoekty (C25/30).
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Puc. 3. ®parMeHT KOHCTPYKTHBHOTO TUIAaHY 3 HOBUMH TPOPi3aMu Y TIEPEKPHTTI 1
OaJIKaM¥ MiICUJICHHS

2. @opmysanns  pospaxynkogoi mooeni. Po3paxyHok sukonyemo B IIK JIIPA-CAIIP B
(hi3uYHO-HEIHIWHIM MOCTAHOBII. 3arajJlbHUM BUTIIA PO3PaXyHKOBOI MOJIEN HaBEACHO Ha puc. 4.
[MepeBakauii kpok Tpianrymsnii wmtd S=200 mM. KomoHum kapkacy 3MOJeNbOBaHI CKIHYCHHM

ISSN 2786-6696 Modern construction and architecture, 2025, no. 14, page 46-58

49



50

BUILDING STRUCTURES

enemenToM (mami CE) tumy 210 — (i3udHO-HENMIHIMHMA CTEp)KEHb, TIUINTA TEPEKPUTTS
monemoersesi CE Ttumy 242 1 244 — TpuKyTHI Ta YOTHPUKYTHI (Pi3MUHO-HENIHIAHI €leMEeHTH
000710HKH. 30Ha KOHTAaKTy MK TUIMTOIO MEPEKPUTTS 1 cTajeBoio Oankor moxaentoerbest CE tumy
262 — npy>xHa onHOCTOpOHHS B’s13b. [{omo MonemtoBanHs craneBux O6anok to B [IK JIIPA-CAIIP
JUISL CTaHIAPTHUX TMPOKAaTHUX Npo(dUIB HE TmepeadaueHa MOKIMBICTH BpaxyBaHHs (Pi3udHOT
HENiHIHHOCTI, ToMy Oanku miacuiaeHHs mozentotoTees HiHiitauM CE tuny 10. Ha nepmuit mormsin
BHUKOPHUCTAHHS JIHIMHUX €JIIEMEHTIB B KPOKOBO-ITEpAIlIHHOMY pO3paxyHKY BHIAEThCA HE
KopekTHUM. OJHAaK, SKIIO0 BUKOHATHU TECTOBI po3paxyHKHu 3 ¢izuyHo-HemiHiitHuMu CE tumy 210 i
nepepizoM, IO BIANOBIZAE CTAaHAAPTHOMY IPOKATHOMY MpOQiIt0, TO MOXHA BIICBHUTHUCS, IO
pe3yJbTaTu K 3a nepeMinieHHsaMu Tak i 3a 3ycwuraMu it CE 10 1 210 6yayTts 6muspkumu. Tomy
3actocyBanHs CE tumy 10 1t mpakTHYHUX po3paxyHKiB € BunpaBaanuM. s mporo tumy CE B
[IK JIIPA-CAIIP po3pobisieHi migcucreMu migOopy i MEpeBipKM CTaJeBHX HepepisiB, sKi ayxke
CYTTEBO €KOHOMJISITh Yac MPOEKTYBATbHUKA.

3. Mooeniosannsa HcUmMmego20 YuKIy KOHCMPYKYii BUKOHAHO 3a JOMOMOTOK CHUCTEMHU
«Montax». Bunineno 4 montaxHi cranii (puc. 4, 5): Cramis 1 — Moaenb MICTUTh MOOYIOBaHi
KOHCTpYKii 3.0 Kapkacy, 3aBaHTakeHi BiacHor Baroro; Cranmii 2..4 — 10 Monem 0JaHO
KOHCTpYKUii mijcuieHHs 1 BuganeHo CE HOBHUX mpopi3iB, IPHUKIAAAFOTHCS MOCTIHHI HABAHTAKECHHS
BiJl IEPETOPOIOK, IMiJUIOT Ta TUMYACOBI KOPUCHI HaBaHTa)XeHHsS. Bci HaBaHTa)KeHHS 3aJ1aHO 3T1THO
3 MIPOEKTHOIO JIOKYMEHTAIII€10, 3 ypaXyBaHHIM BUMOT duHHKHX HOpM [20, 21].

Puc. 4. 3aranbHuii BUTIISIT PO3paXyHKOBOT MOJIEINI IEPEKPUTTS:
a — 710 BUpizaHHg HOBUX Tpopi3iB (Craxis 1); 6 — 3 HoBuMu nipopizamu (Cranii 2-4);
B — Cranii 2-4 — BUA 3 HU3Y; I' — PparMeHT KOHCTPYKIIH MiACHICHHS
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VogentoBsaHHA HERIHIRHKMX 33BaHTAMEHD KOHCTRYKLIT
R T— ~ I'IapaMETpu] Dpyr. Cranii ] rpgnul Don. SaBaHTa)KEHHHW P’
1 Crania 2 .
1 <1 [ Nokazysari norouHy cradi
| +<1.Bnach paray ENeMEHTM, WO MOHTYKTECS
i - <2 Bara neperopog . Uei BiaMTHTH Ha
- - <3 Bara nigaory CHcoK enemeHTiE BiamiveH CreMi -
1 = <4 Kapue nansan 135341-135638 135647-135815 135520-135973 135978-

1 136171 136174-136212 13621 6-136774

ENemMeHTA, 1 NEMOHTYOTECA

E: L HCI
THEDK BAEMERTIE BiarieH cremi

98398 98525 98610 98652 98736 98779 98862 98863
9B906 98389 98390 93036 39118-931 20 93165 99246-
99248 99294 93374-99377 99423 959502-99505 99552
93630-33634 33650 33757-39761 93305 93354-933583

1 93937 10001210001 7 100068 1001401007146 100195
M oHTasHa Tafinua [ ]
i Im'a pabiny 42012-23-7_15-6_15-per_0000.mnt i) r.
[ [] HOSpAROBYEATI MOKPOK.OBE, HABT AKILO BIRCYTHI KPOKOB! [ { [ X
= u
+] X 4 ?

j o A0 T

Puc. 5. Ilpuxiiag BUXiIHUX JaHUX O MOJEIIOBAHHS KUTTEBOTO UKITY KOHCTPYKIIi B cUCTEMI
«MoHTax»

4. Xapaxmepucmuxu dcopcmrxocmi eiemenmie mooeni. JIjis 3ami300€TOHHUX €JIEMEHTIB, SK1
ICHYIOTh, XapaKTePUCTUKH KOPCTKOCTI MPU3HAYCHO 3 ypaxyBaHHAM (DaKTHUHOTO apMyBaHHs. J[s
OCTOHY TPUHHATO 3AJCKHICTh 15 — €KCIOHEHIIadbHUN 3aKO0H ne(GopMyBaHHS IS 3alli300€TOHY
(puc. 6). lnst apMaTypu 3aleKHICTh 11 — eKCIOHEHIIAIbHII 3aKOH J1eopMyBaHHs (pHC. 7).

Jlns craneBux OanoK MiACHICHHS MONEPEIHBO MPUWHATO TpoKaTHUH ABoTaBp 35b61.

3akonM HeniHIRHOTO gedopmMyBaHHA MaTepianie *

ﬂ BpaxoByBaTH apMYKOHMIA MaTEpIan

OCHOBHMIT MaTepian l ApMytounil MaTepian ] |_| BpaxosysaTk nossydqicTe BeToHy
3aKoH HeniHifHoro AedopMyBaHHA Ne sanvcy 1 = Hosa ro— - ——
15 - eKCNOHEHLaNbHMIA 3aKoH AedopMyBaHHA ANA
KomeHTap

3EBEHTEHMTI 38K0H i3 hainy

MapamMeTpK 3aKoHY HEMHIRHOMD AehopMyBaHHA

] M Teopil MiLHOCTI
[MapameTpu | IHaueHHA [-lanamosaw Sig — (ana KE nnactiH)

o) 5 2 Haiifinbuumx ronosH1x
Eo( +) 3250000 T ul - :

o{—) -2200 /M2 IPaHMHHE HENPYHEHHA
ai+) 180 T ul

=) 0.0035 Eps

&+) 0.0003

30eperTi 3aKoH v daiin

O MoToummi samon () ¥di 33KOHM MpoekTY

MiaTeepanTH CracysaTh [losioka

Puc. 6. Buxiani nani ans BpaxyBaHHS (i3UYHO-HETIHIMHUX BIACTUBOCTEH OETOHY
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3akonu HeniHIAHoro gedopMysanHa MaTepianie *
BpaxoByBaTH SpMYKOHMIA MaTEDIEN
| OcHoBHWi MaTepian  APMYIOW MaTEpiaN [ BpaxoeysaTh noesyuicT BeToHy
3aKoH HeniHiliHoro AedopMyBaHHRA Ne sanucy 1 = Hosa KoritosaT | Bugammy
11 - eKCNoHEHLENLEHKIA 3aKoH AedopMYBaHHA ~
KomeHTap
3aBaHTaMMTI 38K0H i3 dainy
MapamMeTpu 3aKoHy HeniHiMHOro gedopryBaHHA
Teopil MILHOCTI
MapatieTpi | ZHadEHHS [HamanrosaTy Sig (ana KE nnacTiH)

Eo(-) 20000000 | o w2

Eo(+) 20000000 | g/p2

ai—) 50000 /2

o+ 50000 T/p2

Eps
&—) -0.0035
&+) 002
K 1
30eperTi 3aKoH v dalin
o MoToqHMIA SaKoH -Z:Z- ¥ 3aKoHWM NpoeKTY
MiaTeepanTi Cracysath Hosiaka

Puc. 7. Buxinni nani 1js BpaxyBaHHs (i3MYHO-HETIHIHHUX BIACTHBOCTEH apMaTypu

XapaKTepUCTUKU KOPCTKOCTI OJHOCTOpOHHIX B’s3eii CE 262 BH3HA4arOTbCs HACTYIHUM
yuHOM. JKopcTkicTh eneMeHTa R € BenuunHa oOepHeHa Horo nojaarTiuBocTi. B ganomy Bumaaky,
MOJIATIUBICTh eJeMeHTa OyJie I0piBHIOBATH aOCOIOTHIN Jedopmarii cTHCKY OeTOHY Ac IUIUTH Ha
BEPXHbOMY MOsICi cTaseBol Oaiku (puc. 8). [Ipu aii oguanuHOT 30cepemkenoi cun N = 1 kH, mist
KO>KHOTO By3J1a MOJIEJNI MOJATJIMBICTh MOXKHA BU3HAUUTH 3a (pOpMyII0t0:

A = o.-hy  N-h _ 1-03 _=3310°x, 1)
E, b-S.E. 0155-02-325-10
N
R—— -1 —~ _ 3030302, (2)
Ac  33-10 M

JIe 0 — HaTNpyXeHHS B OCTOHI Ha BEPXHHOMY MOsCI OalKW MiJACUICHHS BiJ OJMHUYHOI
cunu; Ec — cepenHe 3HaYEHHsS] MOYATKOBOTO MOJYJIS MPYKHOCTI OETOHY; 1HIII MO3HAYEHHS —

IUB. pucC. 8.
NN
g \k\\\i N=1 N=1 N=1
1IN 7 *—
——\Lt' % R = 2R
g A
i : —1® ® *—
— S S
b= 155

Puc. 8. /1o Bu3HaueHHsI :KOPCTKOCTI 0fHOCTOpOoHHIX B’si3eil CE 262

5. Ananiz pesynomamie pospaxyuky. Ins 3abe3meueHHss MEXaHIUHOTO OIOpY, CTIMKOCTI Ta
HOpPMAaJIbHOI eKCIUTyaTallii KOHCTPYKIIil, BOHa Mae OyTH mepeBipeHa 3a 000Ma rpynamMu rpaHUIHUX
ctaniB. [IepeBipIli miAIATaIOTh HACTYMHI MapaMeTPH:

52
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— MIIHICTH 3.0. KOHCTPYKIIIH, IO IMiICUITIOIOTHCS;

— MIIHICTD 1 CTIMKICTH CTaJIEBUX OAIOK IMIACHUICHH,

— IPOTUHHU ITiICHJICHOTO TIEPEKPUTTS;

— [IUPUHA PO3KPUTTS TPIIKH B 3.0. KOHCTPYKIISX.

Ha puc. 9 naBenmeHo 3yCWiUIS B OJHOCTOPOHHIX B’SI34X Ha KOHTAKTI «IUIMTa-Oamka». Sk
6aynMo, B poOOTY BKIIIOYAETHCS TUIBKM YAaCTHHA B’sI3€il B 30HAX MaKCHUMAaJbHHUX MPOTHHIB IJIUTH,
0 B LUJIOMY BiJMOBigae odikyBaHHsAM (puc. 1, 0). KigbKicTh BKIFOYEHHX a pOOOTY €JIEMEHTIB
B’s13€H, OUEBU/IHO, 3AJICKHUTD BiJl )KOPCTKOCTI IUTUTH — YAM MEHINA KOPCTKICTh THUM Oijblle B’si3el
BKJIIOYHUTBCS B pOOOTY.

no KopHcHI HaBaHTaKeHHA =y,
3ycnmma N (262 KE) T
U0 Onpauni BuMipy - KH Ty
. RO
[, _5 .. Wy, y o
S b
H-11 U @\\( B Ly F
e g
[ -16 ©
22 ¢ et {
I =27
-33 0() o
38 I N 2
44 O CIITE /’/,,/”/",’”‘/7
Zy T
'y ~~ Puc. 9. Kapruna 3ycuis B
;\‘\L\ // . .
Ly o onHoctopoHHix B’ 31X (CE 262)

[Ipu BuKOHaHHI pO3paxyHKIB B (izmuHo-HemiHiWHIN moctranosmi, [1IK JIIPA-CAIIP nae
MOXJIMBICTh BI3yalli3yBaTH pPyWHYBaHHS KOHCTpyKIii. Ha puc. 10 HaBeneHO KapTUHY PYWHYBaHHS
Mozeni. Sk 6aunMo, mpu BpaxyBaHHI (JaKTUYHOTO apMyBaHHS KOHCTPYKIiH MOBHICTIO 3pyHHOBaHI
€JIEMEHTH BIJICYyTHI, IIUPUHA PO3KPUTTS TPIIIUH HE nepeBuirye Bumor (0.3 MM) ynHHUX HOpM [18].

Ha puc. 11 HaBejeHO POTWHY MEPEKPUTTS B 30HI MiJCHICHHA. MakCUMaIbHUHA MPOruH 7+25
MM = 32 MM, 1110 HE TIepeBUIITY€e BUMOT HOpM [22] (momycTumuii iporud 7900/216=36.6 mm).

Ha puc. 12 mokasani emopu 3ycwib B Oalikax mijcuieHHS. B Oankax KpiM 3THHaIBLHUX
MOMEHTIB BHHHKAIOTh TaKOXX TOB3MOBXHI cuiau. lleit edext mobpe BimoMmii 1 ommcaHUi,
Hanpukian, B [26, €. 208..214]. Tomy Oanku miIcWIIEHHS Ciix po3paxoByBatH 1o [19] sk
MO3alEHTPOBO-PO3TATHYTI 200 MO3aleHTPOBO-CTUCHYTI eneMeHTH. Ha puc. 13 mokazaHo pe3ynbrar
nepeBipKu nepepizi Oanok miacuieHHs B Moyt Cranesi konerpykuii [TK JIIPA-CATIP.

Y BUIAJKy HEBIAMOBIIHOCTI PO3paXyHKOBUX MapaMeTpiB BUMOTaM HOPM CIIiJi CKOPUTYBaTH
cxXeMmy MiACUICHHs (30UTBIINTH mepepi3 6aJoK, 3MIHUTH CXEMY iX pO3TallyBaHHS).

BucHoBku. Po3po0ieHO MpakTHUHY METOIMKY PO3PaxXyHKY MOHOJITHUX ILTUT MEPEKPUTTIB,
migcuiaeHux crajgeBuMmu Oankamu 3a jgomomororo [IK JIIPA-CAIIP. Meroauka 103BOJIsIE
BUKOHYBAaTH PO3PaxyHKH [UIsi 3a0e3MeueHHsT MEXaHIYHOro OMopy, CTIMKOCTI Ta HOPMallbHOT
eKCIuTyaTallii KOHCTPyKIii 3a o0oMa TpymaMu TPaHMYHUX CTaHiB. 3ampONOHOBAHUHN AITOPHTM
pO3paxyHKy MOKe OyTH aJanToOBaHWW 1 MpHU TPOEKTYBaHHI MiACWICHHS 30ipHHX 3.0. IUIUT
MEPEKPUTTS.

HaBenena wmetoiuka po3paxyHKY 3acTOCYBaBCs aBTOPOM TMPU MPOEKTYyBaHHI 0OaraThox
00’€KTiB, SIKi OyJIH peai3oBaHi i YCHIIIHO eKCIUTYaTyIOThCS B)KE TPUBAJINH Yac.
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Brnacsa Bara

I30mon1s mepemimens 1o Z Kopucni HapaHTakeHHS
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Puc. 11. Ilporvau migcuI€HOTO NEPEKPUTTS: a — IPOTUHM BiJl BIACHOI Baru 10
niacuieHss (Craaist 1); 6 — OporuHu Bij eKCIUTyaTaliiHUX HaBaHTaXKEHb IMiCIIs
IiJICUJICHHS! 1 BUKOHaHHs HOBUX Tpopi3iB (Crazis 4)

KopiIcHi HaBaHTaKEeHHT
Emopa My
O Bivipy - kH M KoprcH! HaBaHTaKeHHA
Mosaika N

d Omummmi BiMipy - kKH

KopricHi HaBaHTaKeHHA
Emropa Qz
9g Omunm BuMipy - KH

Puc. 12. Emropu BHYTpIIIHIX 3yCHITb B
Oankax migCHIIEHHS
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BapiaHT KOHCTpyrROBaHHA:BapuaHT 1
Po3spaxyrox mo PC3:/IbH_1 (JIH B.2.6-198:2014)
H 93

82
70
59

1

[ ] e —
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/.

|Mosaika pe3yIBTaTiB MepeBipkH IPH3HAUEHHX IIepepisib 3a 1 FPAHITHEM CTAHOM

Puc. 13. Jlo nepeBipku nepepizy 0anok miACHUICHHS 3a IEPIIOI0 TPYIOI0
rpaHUYHUX CTaHIB
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Abstract. The method of strengthening of monolithic reinforced concrete slabs with steel beams
in the lower zone is considered. From the late 1990s to the present, residential and civil construction in
our country has been based on monolithic frame technology, where flat slabs are mainly used. Slabs
often need to be strengthening as a result of damage caused by various reasons or when architectural
and planning solutions are changed. Strengthening of such slabs with steel beams is used quite often in
construction practice, especially in cases where it is not possible to fully unload the slab structure. The
technical solutions for this method of strengthening have been developed for a long time and have
many variations. However, if we analyse the building codes in the field of reconstruction and
strengthening, we can identify a certain lack of calculation methods for the analysis of strengthening
structures. A slab in a monolithic frame system is a repeatedly statically indeterminate structure, so its
adequate calculation without the use of modern software systems is hardly possible.

A review of the current building codes in the field of reconstruction and strengthening is
carried out. A number of publications in professional journals devoted to this topic and calculation
approaches in the design of strengthening are considered. The structural features of strengthening
with unloading beams are analysed. A practical methodology for calculating monolithic slabs
strengthening with beams in the lower zone using the LIRA-SAPR software package is proposed.
The methodology is based on taking into account the initial deformed state of the floor slab. The
calculation is carried out by a step-iterative method, taking into account the physical-nonlinear
properties of reinforced concrete and the life cycle of the structure. Particular attention is paid to the
method of modelling the contact zone "slab-strengthening beam". The contact zone is modelled by
means of one-sided connection, which perceives only compression forces.

The presented calculation algorithm has been tested by the author in the design of many
facilities that have been implemented and successfully operated for a long time.

Keywords: floor slab, strengthening beam, model, calculation.
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Abstract. This paper presents a comprehensive analysis of damage to buildings and infrastructure
resulting from military actions, with a particular emphasis on modern conflicts and their devastating
consequences. The primary focus is on a profound examination of various factors causing deformation
and destruction: from the destructive effects of explosive shock waves and dynamic loads to mechanical
impacts (shrapnel, direct hits) and intense thermal factors (fires, high-temperature exposures).The study
encompasses a representative sample of over 150 structures of various types, located in active combat
zones. This enabled a detailed examination of typical failure and degradation mechanisms in key
structural systems, such as panel buildings, traditional brick masonry, monolithic and precast reinforced
concrete structures, as well as lightweight frame and rapidly assembled constructions. Key findings
confirm the empirically established pattern that the intensity of damage decreases exponentially with
increased distance from the explosion's epicenter, which is crucial for hazard zoning. A significant
correlation was also established between the nature of the consequences, the type of explosion (airburst,
ground-level, subsurface), its power, and the structural features that determine a building's inherent
resilience to external influences. To accurately assess the parameters of explosive waves, including their
pressure, impulse, and duration, advanced methods were employed. These methods combine empirical
formulas derived from field tests with high-precision numerical modeling using the finite element
method (FEM). Based on the comprehensive analysis, a set of practical recommendations is proposed.
They include the use of more durable, ductile, and energy-absorbing materials, the retrofitting and
strengthening of existing buildings, and the optimization of urban planning solutions, considering
principles of protective design and infrastructure dispersion. The objective of this work is not only to
document and analyze damages but also to significantly improve existing methodologies for calculating
structural responses to blast loads. Furthermore, the study investigated the impact of secondary factors
such as collapses, ground deformations, and subsequent settlements, which often accompany primary
destructions and exacerbate the overall condition of affected objects.

Keywords: structural damage, blast loads, building resilience, damage assessment.

Relevance and statement of the problem. Explosions, whether from military activity,
industrial accidents, or terrorist attacks, present unique challenges for structural engineering.
Buildings, often designed for static and wind loads, are not equipped to handle the dynamic pressures
of explosive shock waves. This study synthesizes findings from Ukraine and other conflict zones,
providing a comprehensive analysis of damage mechanisms and offering global solutions for
improving building resilience.

The analysis of the technical condition of buildings and structures was conducted based on
inspections of more than 150 objects.

The loads and impacts experienced by structures during military operations have unique
characteristics, as the industrial and civil buildings were not originally designed to withstand the
following effects and loads associated with military actions:

ethe impact of explosion shock waves;
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emechanical damage caused by missile strikes, shell impacts, fragments, and debris;

edynamic loads resulting from shock waves or structural vibrations;

ethermal effects caused by fires.

Analysis of recent research and publications. Drawing on the extensive data provided in
recent reports and studies [1-4], this section outlines the key findings related to the types of damage
sustained, the methodologies employed in assessing these damages, and the factors influencing the
severity of destruction. Damage from Explosive Shock Waves. Direct Effects: explosive shock waves
cause widespread cracking, displacement, and destruction of both load-bearing and non-load-bearing
structures. The formation of cracks and spalling in concrete and masonry walls, particularly near the
explosion epicenter [1, 4]. The complete collapse of prefabricated panel buildings when exposed to
close-range aerial bomb strikes [3].

Indirect Effects: shock waves generate vibrations that weaken structural connections, leading
to secondary failures such as the collapse of window frames and ceilings [2].

Mechanical Damage from Fragments and Projectiles. Penetration and Fragmentation: high-
velocity projectiles, including shrapnel and bullet fragments, cause perforations in walls and
structural elements. These effects are particularly severe in lightweight construction [3, 4] Thermal
Effects from Fires. The thermal effects of explosions result in the elongation and weakening of steel
reinforcements and the destruction of combustible elements such as wooden beams and roofs [4].
Dynamic Loads and Vibrations. Prolonged exposure to dynamic loads from repeated shelling leads
to structural fatigue, affecting the overall stability of buildings even without direct hits [1, 4].

Damage Patterns by Building Type. Panel Buildings. Most vulnerable to direct explosive
impacts due to weak connections between prefabricated panels. Damage includes the detachment of
panels, extensive cracking, and partial or complete collapse [3]. Brick Masonry Structures.
Characterized by cracks at the corners and intersections of walls. Delamination and spalling are
common, with significant damage concentrated near the explosion epicenter [4]. Reinforced Concrete
Structures. More resilient to shock waves but experience localized damage such as spalling and
cracking in beams and columns. Progressive collapse is often mitigated by the redistribution of loads
[1, 3]. Lightweight and Temporary Structures. Wooden and lightweight metal structures are the least
resilient, with widespread destruction even at moderate distances from explosion epicenters [2, 4].
Factors Influencing Damage Severity. Distance from Explosion: The intensity of damage decreases
exponentially with distance, with near-epicenter structures experiencing catastrophic failure [1, 3].

Explosion Type: Airbursts cause widespread but less intense damage compared to ground-level
explosions, which produce concentrated pressure loads [4]. Obstacles and Building Orientation: the
presence of adjacent structures or natural barriers influences the distribution of shock wave forces
and can shield or amplify damage [3]. Structural Characteristics: buildings with high spatial rigidity,
such as monolithic-frame constructions, demonstrate greater resistance to collapse [1, 4].

Buildings and structures are most commonly affected by explosion shock waves. An explosion
shock wave is a specific type of disturbance that occurs in the surrounding medium during an
explosion (caused by high explosives, dust, or gas). It is characterized by a sudden, abrupt increase
in pressure accompanied by compression, heating, and changes in the velocity of the medium.

An explosion shock wave in the air represents the explosion’s propagation surface, moving at speeds
of 300 m/s or more. A visual example of an explosion shock wave in the air can be seen in Fig. 1.

An explosion shock wave creates a load along the front of its propagation. Typically, the load
(pressure on the wave's surface) acts perpendicular to the vertical surfaces of a building (walls,
windows, doors) and spreads at a high velocity [5].

Purpose and tasks. The purpose of this work is to develop new engineering solutions and
design standards that will enhance the safety, resilience, and survivability of civilian infrastructure in
the face of hybrid threats and military conflicts, by thoroughly analyzing damages and improving
methodologies for calculating structural responses to blast loads. The main tasks are determined:

« to conduct a comprehensive analysis of damage patterns and typical failure mechanisms in
over 150 structures of various types (panel buildings, brick masonry, reinforced concrete, lightweight
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constructions) subjected to military actions, focusing on the destructive effects of explosive shock
waves, dynamic loads, mechanical impacts, and thermal factors;

Fig. 1. Formation and propagation of an explosion shock wave in the air

o to establish and quantify the correlation between damage intensity, distance from the
explosion's epicenter, type of explosion (airburst, ground-level, subsurface), its power, and the
inherent structural features that determine a building's resilience;

« to utilize and integrate advanced methods, including empirical formulas and high-precision
finite element modeling (FEM), for accurately assessing explosive wave parameters and simulating
complex interactions between blast waves and different structural systems, thereby predicting their
response to various loading scenarios;

« to develop a set of practical recommendations for enhancing structural stability in existing
and newly designed constructions under potential military threats, focusing on material selection
(durable, ductile, energy-absorbing), retrofitting strategies, and optimized urban planning principles
(protective design, infrastructure dispersion);

« to investigate the impact of secondary damage factors, such as collapses, ground
deformations, and subsequent settlements.

Materials and methods of research. The research was carried out with the extensive use of
systems analysis methods and statistical research, as well as field observations and detailed
documentation of damaged structures. The study employed advanced analytical techniques, including
empirical formulas derived from blast testing and high-precision numerical modeling using the finite
element method (FEM) for simulating blast wave propagation and structural response. The proposed
methods made it possible to identify, analyze, and build empirical and computational dependencies
crucial for understanding damage mechanisms and proposing mitigation strategies.

The most severe damage caused by the shock wave affects the structures of external walls,
including wall panels, brick masonry, enclosing structures, and transparent elements such as
windows, skylights, gates, and doors|[6].

The effect of air-based explosion shock waves on structures depends on the type of explosion:
ground-level, airborne, or above-ground detonations. An air shock wave consists of two phases:

— Compression Phase, where the pressure exceeds atmospheric levels.

— Rarefaction Phase, during which the pressure drops below atmospheric levels (Fig.2).

The maximum pressure in the compression phase of an explosion shock wave significantly
exceeds both atmospheric pressure and the pressure during the rarefaction phase. The key parameters
of a shock wave propagating through the air from the explosion center are determined using empirical
formulas [7, 8].

For an air explosion of a TNT charge [8]:

Ve Vez c
APf = 0,084? + 0,27F + 0,7;, (MHa), (l)
T4y = 1,5 X 1073/c x VR, (¢); 2)

where c is the mass of the TNT charge (kg), and R is the distance from the explosion center (m) [9].
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Fig. 2. Pressure variation graph along the front of the explosion shock wave

The change in pressure during the compression phase over time is determined by the following
equation [8]:

n
t
AP(t)ZAPf <1—E) ) OStST(+), 3
T() 3C2
=AP,—2 1, i=63——

This corresponds to curve 1, shown in Figure 3 [10]. When calculating the effect of an air-based
explosion shock wave on a structure, the linear dependence (line 2 in Figure 3) can be used as an
alternative to equation (3).

AP(t) = AP; (1 — ﬁ) (4)
At = = _ the effective duration of the shock wave, which is determined by the condition of

. n+1 B .
impulse pressure equality.

AP

At
Fig. 3. Dependency of explosion pressure magnitude on time

The maximum reflection pressure APy, acting at the initial moment of time on a flat frontal
obstacle perpendicular to the direction of wave propagation, reaches [8]:
_ 6AZP
APy = 28 + ot (5)
and then decreases during the flow around the obstacle, according to the graph shown in Figure 4.

P

At

Fig. 4. Graph of the impact of the explosion shock wave on a building
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The complete picture of the flow around the obstacle is shown in Figure 5.

The time Ato from the beginning of reflection to the onset of the flow-around regime:
3H

Ato == D_f, (6)
1
Where H is the height of the frontal wall. (or 0,5b);D; = 340[1 + 8,3AP;]?, - and is the speed
of the shock wave front.
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Fig. 5. Overall view of the impact of the explosion shock wave on the structure

When calculating the effect of explosive loads on structures, the actual laws of pressure
variation over time are replaced with simplified ones, as shown in Figure 6.

P(t) P(t) P(t)
P P P
P1
» . > »
t At, At, t t
I At = l At B
a 6 B

Fig. 6. Simplified laws of pressure variation over time

The load, the changes of which are shown in Figure 6, is used for calculating the roof and side
walls (6a), frontal walls (6b), and the rear side of the structure (6c).

The functions used in the calculations depend on from Atw, At w, At,w,, Where w is the
frequency of the natural vibrations of the structures [11].

If t > At,orAt,w = 50, then during the calculation of the structure in the elastic stage, the load
can be considered constant over time [12].

If the duration of the load is relatively short, such thatAtw < m/2, the structure can be
calculated as being subjected to an instantaneous impulse.

1= [ P(o). ©)
If Aty = 20, then the effect of the load on the structure will be equivalent to a static load P.

For engineering calculations of building structures subjected to air shock waves, simpler

dependencies are used, as presented in works [1, 2], which allow for determining [8]:
2

AP, = 89,79 + 2204 (ﬁ) +0,71;
f_ ) R R ) )

_ 8APf-1
APy = APp s (8)
r 6AP; + 1
At=——T
D 4AP; + 3
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1
Dy = 306,7[AP + 1,18]2—the velocity of the air shock wave;
1

AP = APf — Py; 7 = 0,062 (5)3—the average radius; y— the specific weight of the charge.

Research results. During the analysis of structural damage caused by military operations, it
was found that the damage to the structure occurs as a result of the air shock wave, mechanical
damage from the delivery of explosive devices, and dynamic loads [13, 14].

The greatest damage from the shock wave is typically observed in the external walls of
buildings, external wall panels of residential buildings, and transparent elements that are oriented
perpendicular to the shock wave’s propagation front.

It should be noted that as the explosion distance from the object increases, the speed and
pressure of the shock wave at the front of the wave decrease significantly, inversely proportional to
the square of the distance from the explosion's epicenter to the object. At a large distance, the shock
wave degenerates into a sound wave.

The speed of propagation of the sound wave is lower than the speed of sound, but even at a
speed exceeding 100 m/s, it causes significant damage to transparent elements (windows), roofing,
and roof structures.

The shock wave in the ground quickly dissipates and cannot be considered as a factor of
destruction. The fastest attenuation of the shock wave is observed in non-cohesive soils. Even at small
distances from the explosion (within 6-10 meters), the foundations of buildings experience almost
no damage, except in cases where the explosive device directly hits the upper part of the foundation.

Building damage also occurs due to mechanical destruction caused by the impact of explosive
delivery devices (Figure 7).

Fig. 7. Mechanical destruction of building structures in the elevator shaft by an explosive delivery
device (the explosive device did not detonate)

The greatest damage to the building's structure occurs as a result of the simultaneous impact of
the explosion shock wave and the mechanical action of the explosive delivery device (Figure 8).

Fig. 8. Panel building structures damaged as a result of the explosion shock wave and the impact of
the explosive delivery device (the explosion occurred inside the building)
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Significant damage occurs in the structures of lightweight concrete wall panels and self-
supporting external wall structures (brick masonry, ceramic block masonry). These structures have
relatively low mass and low inertia, which is why they respond quickly to excitation. Panel buildings,
in which external wall panels and ceiling slabs are made of heavy concrete, are more resistant to the
effect of the shock wave.

It should be noted that panel buildings with load-bearing external and internal transverse walls
have quite high spatial rigidity, especially buildings with a square floor plan (for example, single-
section 16-story panel buildings).

If the explosive device detonates inside the building, the shock wave propagation affects the
structure from the inside. Significant damage from such explosions occurs to the external enclosing
structures, leading to their collapse and the destruction of parts of the building (Figure 9).

Monolithic-frame buildings exhibit the highest resistance to the effects of explosion shock
waves. Significant damage typically occurs in non-load-bearing enclosures and partitions. The
building’s frame elements, pilasters, columns, and monolithic slabs experience defects such as chips
and cracks. In powerful explosions, the structural frame elements undergo destruction. However, the
forces in the frame elements are redistributed, preventing progressive collapse.

Frame buildings (reinforced concrete, steel, or mixed-frame structures) suffer damage in the
form of concrete spalling, cracking, and deformation. In large explosions, individual structural
elements collapse. In single-story industrial buildings, separate ceiling panels, beams, and trusses
may collapse. Fragmentation damage affects ceiling panels, beams, trusses, and columns. There may
also be damage to the joints, but this usually does not lead to the overall collapse of the building.

Fig. 9. Destruction of the building's structure due to an explosion inside the building

In buildings with a steel frame, explosions cause significant deformations, bending, and rupture
of elements. In intense explosions, the cross-sections of metal elements, the frame, connection joints,
welds, bolts, and the formation of through holes in the metal structures may be destroyed. Major
explosions can lead to the collapse of trusses, purlins, and roof structures (Figure 10).

Rt %
Fig. 10. Destruction of metal structures of the roof in an industrial building
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In the case of powerful internal explosions, significant or complete destruction of the external
enclosing structures occurs, while the frame elements are preserved (Figure 11).

Fig. 11. Destruction of the external enclosing structures of a frame building due to
an internal explosion

In panel buildings, depending on the location of the impact zone and the explosion’s strength,
cracks, chips, significant deformations, and destruction occur in the walls. Significant linear or angular
displacements arise at the junctions of the panels, weld seams, anchoring details fail, and stretching or
destruction occurs in the connecting metal elements. In large explosions, the collapse of wall structures,
floors, balconies, and staircases within the structural blocks (sections) may occur (Figures 12).

Brick walls of buildings, due to significant kinetic impact from the delivery of explosive
devices, suffer damage in the form of holes in the structures, chips, cracks, and delamination of the
masonry. Significant vertical cracks develop at the corners of walls and at their intersections, leading
to the separation of sections of walls and a substantial reduction in their spatial rigidity. Wooden floor
structures in brick buildings experience significant damage and destruction over several floors. The
destruction of reinforced concrete slabs is more limited, resulting in cracks and significant
deformations. In the case of large explosions, the destruction of external walls leads to the complete
collapse of floor slabs (Figure 12).

e i S

Fig.12. Destruction of floor slabs, wall panels, and panel connection joints in a residential building

In brick buildings with a wooden truss roof system, explosions within the attic lead to partial
or complete destruction of the truss system and roof. The collapse of destroyed elements occurs on
the roof slab or, if it is also destroyed, on the inter-floor slab structure (Figure 13).

Buildings with wooden load-bearing walls, wooden floor structures, and wooden roofs, when
subjected to minor explosions, experience defects and damage in the form of cracks, destructions,
and significant deformations of the entire structure, typically rendering them unfit for further use.
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-

Fig. 13. Damage to wooden roof st

ructures caused by the explosion shock wave

Conclusion. Explosive shock waves present unique and severe challenges to structural
integrity, particularly in conflict zones. Empirical studies from Ukraine, the Middle East, and other
regions reveal consistent patterns of damage and highlight the importance of engineering innovations.
Proactive design, retrofitting, and urban planning can significantly mitigate risks, protecting lives and
infrastructure worldwide.

1. Material Advancements. Ultra-High-Performance Concrete (UHPC): Provides superior
resistance to compressive forces. Blast-Resistant Glass: Reduces injuries and secondary damage from
glass fragmentation.

2. Structural Reinforcements. Cross-bracing and shear walls improve stiffness and distribute
dynamic loads. Enhanced connections between structural components reduce progressive collapse
risks.

3. Urban Planning. Zoning regulations should ensure adequate distances between industrial
facilities and residential areas. Protective barriers and blast walls can shield critical infrastructure.

4. Advanced Computational Tools. Finite Element Analysis (FEA) allows engineers to model
blast impacts accurately, identifying failure points and optimizing designs for blast resistance.

Recommendations for Global Applications [15]:

— Standardized Blast-Resistant Codes: International guidelines should integrate findings from
conflict zones to develop robust building standards [15].

— Retrofitting Existing Infrastructure: Governments and engineers should prioritize retrofitting
critical buildings with blast-resistant technologies.

— International Collaboration: Sharing data from conflict zones, such as Ukraine and Syria, can
advance global engineering practices and save lives in future scenarios.
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AHoTanisi. Y i cTarTi NpeACTaBiICHO BCEOIYHMM aHalli3 TOMIKO/KEHb OY/IBENb Ta
1H(paCTPYKTYpH, IO CTATUCS BHACTIAOK BiiChKOBUX Jiii. OCHOBHA yBara 30cepe/PkeHa Ha BUBUCHHI
pi3HOMaHITHUX (AKTOPIB, IO CIPUUMHSAIOTH Aedopmallii Ta pyiHHyBaHHS: Bl pyHHIBHUX €(EKTiB
BUOYXOBUX YAApHHUX XBWUJIb Ta JMHAMIYHMX HABAaHTAXXCHb JO0 MEXaHIYHUX yAapiB (yIaMKH, IpsMi
BIYYCHHs) Ta I1HTCHCUBHUX TEPMIYHUX (akTopiB (MOXKEKi, BUCOKOTEMIIEPATYPHI BIUIUBH).
JlocmiKeHHST OXOIUTIOE  Pelpe3eHTaTHBHY BHOIpKy 3 monax 150 cmopyn pi3Horo tumy,
PO3TalIOBaHUX y 30HAX aKTUBHUX O0HOBUX A1i. L{e 703BONMIIO0 JeTaabHO BUBYMTH TUIIOBI MEXaHI3MU
pyWHYBaHHS Ta Jerpajaiii B KIFOUOBUX KOHCTPYKTHBHUX CHCTEMax, TAKUX SIK MaHEIbHI OymiBIi,
TpaaMIliiiHa TETJITHA KJaJKa, MOHOJITHI Ta 30ipHiI 3ali300€TOHHI KOHCTPYKIII, a TaKOX JIeTKi
KapKacHI Ta IIBUJKOMOHTOBaHI cropyau. KirouoBi BHCHOBKM MiATBEPUKYIOTh EMITIPHYHO
BCTaHOBJICHY 3aKOHOMIPHICTb, III0 IHTEHCUBHICTH MOIIKOKEHb €KCIIOHEHIIaIbHO 3MEHIIYETHCS 31
30UIBIICHHSAM BIACTAHI BiJ emileHTpy BHOYXY, IO Ma€ BUpIlIaJbHE 3HAYCHHS JJIS 30HYBAaHHS
HeOe3neku. BCTaHOBIIGHO 3HAYHY KOPENAIiI0 MDK XapaKTepoM HACHIIKIB, THIOM BHOYXY
(MOBITpAHUHN, HA3eMHUH, iA3eMHUI ), HOTO MOTYKHICTIO Ta KOHCTPYKTUBHUMH OCOOJIMBOCTSIMH, 1110
BHU3HAUAIOTh IPUTAMAHHY CTIMKICTH OyAiBIII JO 30BHILIHIX BIUIMBIB. JIJI1 TOUHOT OLIIHKM MTapaMeTpiB
BUOYXOBUX XBHIJIb, X THUCKY, IMITyJIbCY Ta TPHUBAJIOCTI OyJIM BHUKOPHCTaHI MEpEelIOBI METOIH, IIO0
MOETHYIOTh eMITIpUdHI (OPMYJIH Ta BUCOKOTOUYHE YHCEIbHE MOJICTIOBAHHS METOJOM CKIHYCHHHUX
enemenTiB (MCE). Ha ocHOBI mpoBeIeHHOTrO aHaji3y 3alpOolNOHOBAHO KOMILJIEKC PEeKOMEHMAAIH,
CIPSIMOBAaHUX Ha MiJIBULLEHHS CTIMKOCTI ICHYIOUMX Ta MPOEKTYBAaHHS HOBUX KOHCTPYKIIN B yMOBax
MOTEHIIHUX BilicbkoBUX 3arpo3. Lli pekomeHparii BKIIOYAIOTh BHUKOPHCTAHHS OUIBII MIlIHUX,
IUTACTUYHUX Ta EHEPrOEMHUX MaTepialliB, MOJIEPHI3alli0 Ta MOCUJIEHHS 1CHYI0UMX OyAiBenb. MeToro
1iei poOOTH € HE JNHIIe JOKYMEHTYBAaHHsS Ta aHali3 IMOLIKO/KEeHb, a M CyTTEBE BJIOCKOHAJIECHHS
ICHYIOUHX METOJIMK PO3PaxyHKY peakilii KOHCTPYKIIi Ha BUOYXOB1 HaBaHTakeHH4. Lle nociimkenHs
€ BOXJIMBUM BHECKOM y PO3pOOKY HOBUX 1H)KEHEPHHUX pIIIeHb Ta CTaHJAPTIB NMPOEKTYBaHHS, 110
CHPUATUMYTh MIIBUIICHHIO O€3MEeKH Ta )KUBYYOCTI IMBUIBHOT IHPPACTPYKTYPH B YMOBaX IOpUIHUX
3arpo3 Ta BIHChKOBUX KOH(]IIKTIB.

Kuro4oBi ciioBa: nomko/keHHs] KOHCTPYKIiH, BUOYXOBI HaBaHTaXEHHSI, CTIHKICTb Oy/1IBEIb,
OLIIHKA MOLIKOJI)KEHb.
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Abstract. The article presents a comprehensive study of the properties of silicate composites and
materials based on them, aimed at substantiating the feasibility and effectiveness of their application in
the field of landscape architecture for open-air objects. In particular, attention is focused on the
possibilities of integrating such materials into the processes of spatial organization of parks and
recreational areas, which is an urgent task of modern urban planning. The study considers key aspects
that determine the operational potential of silicate composites, including their structural and
technological characteristics, indicators of durability, environmental safety and aesthetic appeal.

Special emphasis is placed on the analysis of the potential use of silicate composites in the
creation of small architectural forms, decoration of open spaces, as well as in the formation of
functional components of the urban environment. The presented advantages of these materials in the
context of modern construction demonstrate their ability to provide not only architectural
expressiveness and functionality of objects, but also to reduce financial costs for their construction,
further operation and maintenance.

The article emphasizes the importance of using environmentally friendly raw materials in the
production of silicate composites, which contributes to reducing the negative impact on the
environment and complies with the principles of sustainable development in architectural practice.
The study includes calculations and analysis of experimental and statistical models that demonstrate
the relationship between the structural parameters of materials and their operational characteristics.

In particular, detailed studies of such physical and technical indicators as compressive strength,
frost resistance, water resistance, density, crack resistance and carbonization resistance were carried
out. A comprehensive analysis of these criteria allowed us to draw reasonable conclusions regarding
the prospects for the use of silicate composites in the design of architectural elements of the
environment, landscape design for open-air facilities and the rational organization of outdoor spaces
in modern urban conditions.

Keywords: silicate composites, properties, landscape design, open environment, ecology,
experiment.

Introduction. In modern landscape design, there is a growing need to use innovative materials
that combine high performance characteristics with aesthetic and environmental requirements. One
of the promising groups of such materials is silicate composites, which attract attention as a
potentially effective alternative to traditional materials. Despite the diversity of silicate composites,
their integration into landscape design practice is still not sufficiently structured and widely
implemented. This necessitates a comprehensive study of the properties and performance of silicate
composites to substantiate their potential for practical application.

Analysis of recent research and publications. In recent years, there has been an increase in
scientific interest in the use of silicate composites in the fields of construction, architecture and
outdoor space design. A significant part of the research is focused on the physicochemical
characteristics of silicate composites, their durability, resistance to aggressive environments, frost
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resistance and ability to maintain operational properties under prolonged load conditions [1, 2].

Works by domestic and foreign researchers focus on the potential of using various building
composites in landscape design, in particular as materials that combine decorative properties with
high resistance to atmospheric influences, environmental safety and the ability to integrate into the
natural and architectural environment [3-5]. Special attention is paid to the modification of
composites with the addition of nanomaterials, which allows to increase their strength, water
resistance and heat resistance [6-8].

At the same time, in the field of landscape architecture, publications dedicated to the use of
silicate composites remain rare [9]. In the available works, the emphasis is mainly on the decorative
qualities and properties of materials, the possibilities of their use for decoration, cladding and creation
of small architectural forms [10, 11].

Considering that recently in the construction industry there has been a tendency to use "green"
ecological technologies that do not harm the environment and health, the requirements for building
materials are increasing every year [6]. The prospects for using silicate composites in landscape design
are offered by their unique operational properties, environmentally friendly and high aesthetic potential,
which allows for the effective integration of these materials into the formation of a harmonious external
environment. Due to their mineral base and the number of environmentally harmful components, silicate
composites meet modern requirements for environmental safety and sustainable development of urban
areas [10]. Of particular interest is the use of silicate composites in the creation of small architectural
forms — benches, park furniture, decorative steles, flower pots, flowerpots and other elements of
landscape design. Due to their stable structure, resistance to atmospheric influences, as well as wide
possibilities for varying texture, color and shape, these materials contribute to the formation of visually
attractive and durable objects of the urban and natural environment. The mechanical strength, wear
resistance and frost resistance of these materials ensure the preservation of the functional and aesthetic
characteristics of the surface even under conditions of intensive use [11].

Despite the fact that information about the degree of environmental friendliness of certain
materials is currently insufficient, currently in construction, conditionally ecological materials are
widely used, which include natural resources, are safe for the environment, but have high technical
and operational characteristics. An example of such a material today can be environmentally friendly
silicates and blocks based on them [6, 12]. They are made from natural environmentally friendly
materials, which are distinguished not only by their environmental friendliness and accessibility, but
also by the relatively low cost of the finished product. In addition to the fact that this material
corresponds to the so-called green construction, its use will allow to reduce the weight of structures,
increase the factory readiness of silicate blocks while reducing their specific energy consumption,
and improve thermal characteristics. Compared with the production technologies of other building
materials, the production of ecological silicates is energy and resource-saving, since the casting
technology is used in combination with complex activation [12]. Ecological silicates and products
based on them, due to their cost-effectiveness and properties, will be relevant not only for individual
construction, but also for the creation of small architectural forms and can even be recommended for
decorative elements of garden and park architecture and interior design [13-15].

Problem statement and research objective. In modern conditions, there is a growing need for
environmentally safe, durable and aesthetically attractive materials for the arrangement of open public
spaces, in particular park and recreational areas, pedestrian zones and landscaping objects. At the same
time, existing materials do not always provide the proper balance between operational characteristics,
economic feasibility and architectural and artistic expression. In this context, research into new materials,
in particular silicate composites, which have the potential to be used in the formation of small
architectural forms and other elements of the external environment, is relevant. However, for the justified
introduction of such materials into design practice, it is necessary to carry out a comprehensive study of
their properties, including mechanical, weatherproof, environmental and aesthetic characteristics, as well
as to identify the dependencies between the structural parameters of composites and their effectiveness
in open environment conditions.
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Materials and methods of research. To achieve the set goal, it is necessary to analyze the patterns
of the influence of the composition of the mixture and additives on the properties of silicate composites
and develop optimal compositions of complex-activated silicates of thermal-moisture hardening with
improved properties for use in landscape design. Accordingly, the subject of the study is silicate
composites of thermal-moisture hardening. Experiments and research, which were carried out with the
aim of building experimental and statistical models, were performed in several scientific laboratories of
the Odesa State Academy of Civil Engineering and Architecture: determination of basic properties — by
standard methods, as well as determination of structural characteristics — at the departments of "Building
Materials”, "Production of Building Materials and Structures™ and "Processes and Devices in the
Technology of Building Materials" [4, 6, 12, 16]. The processing of experimental and statistical models
was carried out by means of the COMPEX dialog system in combination with specially synthesized
planning approaches, standard Microsoft Office applications, and the CorelDRAW software environment.

To address the stated problem, experimental studies were conducted using identical 6-factor, 24-
point experimental designs of the "triangles on a cube™ type (Fig. 1), developed by Professor T.V.
Lyashenko [17, 18]. These designs allowed for the simultaneous consideration of three independent and
three dependent compositional parameters. To facilitate data analysis, the six-factor space was
transformed into a three-factor framework by fixing the dependent variables at discrete levels while
varying the three independent variables. Specifically, the specific surface areas of slag and sand were
maintained at three fixed levels of 400, 500, and 600 m?/kg. At each combination of dependent variable
levels, the independent factors-dosages of alkaline additives (0.5-1%), liquid glass (1-5%), and gypsum
(2-4%) — were systematically varied. Superplasticizer C-3 was applied at 1.0% of the binder mass to
enhance sedimentation stability. Gypsum, as a key active component of the lime-silica mixture, played
a dual role: it improved mixture mobility and contributed to the development of essential performance
properties in the hardened composites. By adjusting the quantitative ratio of the initial components, it
was possible to regulate the structure and properties of heat-moisture curing silicate composites, while
controlling the influence of the fixed dependent parameters.

St

S2

0 + Xs
+1

0

T > -1
"' 0 s X
Fig. 1. Scheme of the plan "triangles on a cube"

The results of the research. In the experimental program, the assessment of silicate composites
was carried out on the basis of a set of essential quality indicators established by current regulatory and
technical documentation. These included compressive strength (Rst), frost resistance (F), water resistance
(ks), density (p), and the crack resistance coefficient (kic). The analysis of the obtained results enabled a
detailed evaluation of the material performance for each specified parameter.

The change in compressive strength under the influence of the studied factors, in particular the
content of additives and the specific surface area of the silica-containing component, was described
by a model, on the basis of which graphs of the dependence of compressive strength were constructed.
Within the factor space, depending on the variation of all factors, the Rst indicator changed from Rmin
= 12.3 to Rmax = 18.1 MPa (Fig. 2). The highest strength value was obtained for compositions with
the maximum content of all additives.
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Fig. 2. Influence of all factors on compressive strength

Within the same area of the factor space (Fig. 3), the density value varies from 1340 to 1540 kg/m?,
with the lowest density observed at minimum contents of gypsum and alkaline additives in the mixture.
Such a density range is particularly suitable for landscape architectural elements, as it ensures a balance
between mechanical strength and reduced self-weight. Lower-density composites allow for easier
handling, transportation, and installation of items such as benches, decorative steles, planters, and park
furniture, while still providing sufficient structural integrity and durability for landscape application.

A P, kg/m3

Content of liquid glass, %

Fig. 3. Influence of all factors on density

In a similar way, diagrams of changes in properties were constructed according to frost resistance,
which indirectly characterizes the durability of building materials (Fig. 4), and water resistance (Fig. 5).

Within the investigated factor space, the frost-resistance values (F) range from 26 to 33 cycles. It
has been established that varying the specific surface area of the silica-containing component makes it
possible to achieve standardized frost-resistance levels F25 and F35, which may be classified as
sufficient for the operation of materials in environments with moderate freeze—thaw exposure,
particularly in southern warm regions, where the number of natural freeze—thaw cycles is statistically
low and the duration of periods with sub-zero temperatures is significantly reduced. The obtained
indicators allow the use of the material in constructions that are not subjected to substantial mechanical
loading and are characterized by limited water saturation. Examples of such applications include
decorative garden and park elements (steles, sculptural forms, and other small architectural objects),
components of park furniture located under partial shelter, planters and flowerpots with regulated
drainage, as well as modular decorative blocks and inserts integrated into pavements in areas with
minimal moisture exposure and without pedestrian or vehicular loading.

Water resistance was estimated by the softening coefficient, which in the studied factor space
varied from 0.8 to 1.0. Due to the change in the studied factors, the softening coefficient can vary
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within 15-30%. All studied compositions provide water-resistant lime-silica composites. The highest
water resistance, which is 0.9-1.0, is observed in compositions with a specific surface area of tripolite
S2 =400 m?/kg.

Frost resistance,

A Cycles

5.0

3.0+

Content of liquid glass, %

Fig. 4. The influence of all factors on the change in frost resistance

Coefficient
I of softening

Content of liquid glass, %

Fig. 5. The influence of all factors on the softening coefficient

In the experiment, the crack resistance of silicate composites was characterized by the critical
stress intensity coefficient kic, which, under the influence of all factors, changes by a factor of 1.8,
from 0.91 to 1.64 MPa-m™®® (Fig. 6). At the same time, the specific surface area of the silica-
containing component has the greatest influence on the crack resistance.

Content of liquid glass, %

0,
suims /o

Fig. 6. The influence of all factors on the critical stress intensity coefficient
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One of the key factors in ensuring the durability of structural elements in landscape design is the
resistance of the materials used to carbonization. Silicate composites are exposed to prolonged exposure
to atmospheric factors, in particular carbon dioxide. As a result of carbonization, the pH of the material
decreases, which leads to the destruction of the microstructure, a decrease in mechanical strength and
the appearance of defects on the surface of the products. In view of this, a study of the carbonization
resistance of the used silicate composites was conducted, which is a necessary prerequisite for predicting
the operational reliability of landscape architecture elements.

The carbonation resistance of silicate composites of thermal and moisture hardening significantly
depends on the content of active additives, in particular, liquid glass, alkaline components and gypsum.
An increase in the amount of liquid glass helps to compact the microstructure of the composites, reducing
their gas permeability, which has a positive effect on carbonation resistance. A similar effect is observed
with an increase in the concentration of alkaline additives, due to the stabilization of the high alkalinity
of the pore environment, which slows down the processes of carbon dioxide corrosion. Gypsum plays a
dual role: with rational dosages, it helps to optimize the structure of the material, but its excess can lead
to the appearance of microcracks that reduce carbonation resistance. Thus, ensuring high resistance of
silicate composites to carbonation is possible due to the balanced selection of the composition with the
optimal content of liquid glass, alkali and gypsum. The use of materials with high resistance to
carbonization allows you to minimize the risks of premature destruction, reduce the costs of maintenance
of landscaping objects, and preserve their aesthetic properties throughout their entire service life.

Adjusting the properties of the silicate mixture ensures the production of silicate materials and
products based on them using energy-saving technology with improved properties of standardized
grades in terms of density, strength, frost resistance, crack resistance coefficient, taking into account
carbonation resistance. The following intervals of property changes were obtained: concrete class
B7.5-15, p = 1150-1500 kg/m?, ks = 0.9-1, F>35, kic = 0.91-1.64 MPa-m™?®, in connection with
which silicate composites are recommended for use in landscape architecture (Fig. 7).

In the context of forming functional components of urban space, silicate composites can serve
as an effective structural material for creating protective screens, urban barriers, lighting and
landscaping elements that not only meet safety standards, but also harmoniously fit into the overall
concept of spatial design. In the future, it is advisable to expand the research of these composites in
order to increase their adaptability to different climatic zones, expand design possibilities and ensure
maximum environmental neutrality.

= - 7‘,;./ i e

Fig. 7. Examples of the use of silicate composites in landscape architecture

Conclusions. Based on the conducted research, it was established that silicate composites are
promising materials for use in the field of landscape architecture, in particular in the formation of
elements of park and recreational spaces, pedestrian infrastructure and small architectural forms. The
experimental data obtained confirmed the high strength, resistance to atmospheric influences, wear
resistance and environmental safety of these materials, which meets modern requirements for the
organization of a comfortable and harmonious external environment.

A comprehensive analysis of physical and technical characteristics demonstrated that silicate
composites are able not only to ensure the durability of structural elements, but also to contribute to
aesthetic diversity in the design of urban space due to the wide possibilities of variation in shape, texture
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and color. Taking into account the results obtained, the use of silicate composites can be recommended
for expanding the range of materials in landscape architecture design practice in order to improve the
quality of the environment and reduce operating costs throughout the life cycle of objects.

The current tasks of further development of silicate composites for landscape architecture are to
increase their strength, frost resistance, weather resistance and moisture resistance. Another important
task is reducing the thermal conductivity of materials, as this helps regulate microclimatic conditions,
prevents excessive surface heating, protects plants and soil, increases durability, and reduces the intensity
of urban heat islands. Increasing the strength will allow creating landscaping elements that are more
resistant to mechanical loads, in particular small architectural forms, garden and park structures,
decorative fences and coatings. Improving frost resistance and moisture resistance will ensure the
durability of products in various climatic conditions, including regions with difficult winter-spring
operation. The color of the final product remains an important aspect for shaping the aesthetics of the
landscape environment, therefore one of the areas of work is the study of additives that allow varying
the color range of products without losing their basic physical and mechanical properties.
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AHoOTaniAg. Y CcTarTi NpeACTaBI€HO KOMILJIEKCHE JOCIHIPKEHHS BIACTUBOCTEN CHUIIIKATHHUX
KOMIIO3UTIB Ta MarepiajiB Ha iX OCHOBi, CHpSAMOBaHEe Ha OOIPYHTYBaHHS JOLIIBHOCTI Ta
e(eKTUBHOCTI IX 3aCTOCYBaHH B Taiy3i JaHIIIA(THOT apXiTeKTypH AJs 00'€KTIB BIAKPUTOTO TUILY.
30Kkpema, yBara 30cepepkeHa Ha MOXKIIMBOCTSAX IHTETrpallii TaKuX MaTepiaiiB y MPOLecH IPOCTOPOBOI
opranizarii mapkiB Ta peKpeanifHiX 30H, [0 € aKTyaJIbHUM 3aBJaHHAM CYy4aCHOTO MiCTOOY/1yBaHHS.
Y IOCHiKEHHI PO3TISHYTO KIFOYOBI ACHEKTH, [0 BHU3HAYAIOTH EKCIUTyaTaI[iiHUI IMMOTEHINa
CHJIIKATHUX KOMITIO3UTIB, BKJIIOYAIOYM IX CTPYKTYPHO-TEXHOJIOT1UHI XapaKTEPUCTHKH, MOKA3HUKU
JIOBTOBIYHOCTI, €KOJIOTIYHOT O€3MEKH Ta €CTETUIHOI MPUBAOIUBOCTI.

OcoOmMBHI  aKIEHT 3pOOJICHO Ha aHadi3l IOTEHIIHHOTO BHKOPHUCTAHHS CHIIIKATHUX
KOMITO3HUTIB Y CTBOPECHHI MaJIMX apXiTeKTypHHUX (POpPM, IEKOPYBaHHI BIIKPUTHUX MPOCTOPIB, a TAKOXK
y (opMyBaHHI (yHKIIIOHATLHUX CKJIAJIOBUX MICBKOTO cepemoBuia. [IpencraBieHi mepeBaru mux
MaTepianiB y KOHTEKCTI Cy4acHOro OyIIBHHMIITBA JIEMOHCTPYIOTh iX 3/aTHICTh 3a0e3leuyBaTd He
JIMIIE apXiTeKTypHY BUPa3HICTh Ta (PYHKI[IOHAIBHICT 00'€KTIB, ajie il 3HMKyBaTH (PiHAHCOB1 BUTpPATH
Ha 1X OyIIBHHUIITBO, MMOJAJIBITY €KCILTyaTaIli0 Ta 00CITyTrOBYBaHHS.

VY crarTi 3p00J€HO aKIEHT Ha BAKJIMBOCTI BUKOPHCTAHHS €KOJOTIYHO YHMCTOI CHPOBHHH Y
BUPOOHHUIITBI CHIJIIKATHUX KOMIIO3MTIB, MIO CIHpPHUsA€ 3MEHIICHHIO HETaTUBHOTO BIUIMBY Ha
HaBKOJIMIIIHE CEPEOBUILE Ta BIIOBIIa€ MPUHIIUIIAM CTAJIOr0 PO3BUTKY B apXITEKTYpHIN MPaKTHIII.
JlocmipKeHHsT BKIJIIOYA€ PO3PaxyHKH Ta aHali3 MoJeNed, M0 JIeMOHCTPYIOTH 3B'S30K MiXK
CTPYKTYPHHUMHU MapaMeTpaMu MaTepiajliB Ta iX eKcILTyaTaliliHUMHU XapaKTepUCTHUKaAMHU.

3o0kpema, OysI0 MPOBEAEHO JETalbHI JOCTIHKEHHS TakuX (DI3UKO-TEXHIYHUX MOKA3HUKIB, K
MIIHICTh HA CTUCK, MOPO30CTIHKICTh, BOJOCTIUKICTD, MIUIBHICTh, TPIIMIMHOCTIWKICTD Ta CTIUKICTh 10
kapOoHizariii. KoMmruiekcHuit aHami3z nux KpuTepiiB 103BOJIUB 3pOOUTH o6rpyHTOBaHi BHUCHOBKH 1110]10
MEPCIEKTUB BUKOPUCTAHHS CHJIIKATHUX KOMIIO3UTIB Y npoeKTyBaHm aleTCKTypHI/IX €JIEMEHTIB
HABKOJIMIIHEOIO  CEPEIOBHIIa, JIaHJ;[IHa(bTHOMy Iu3aifHi A 00'€KTiB  BIAKPUTOTO THITy Ta
parioHaNbHi opraHi3allii 30BHIIIHIX MPOCTOPIB Y CYYaCHUX MICBKUX YMOBaX.

KiarouoBi cjioBa: cuiIikaTHI KOMIIO3WTH, BJIACTHBOCTI, JaHAMA(THUN JHU3aiiH, BiIKpUTE
CepeIoBHIIe, €KOJIOTisI, EKCIIEPUMEHT.
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Abstract. The article investigates the effect of mineral oils on the strength and volumetric weight
of heavy concrete. Heavy concrete is the main material in construction, used to create structures with
increased requirements for strength and stability, however, the effect of chemical agents, such as mineral
oils, on its properties remains insufficiently studied. The study of this aspect is important for improving
the durability and safety of concrete structures, in particular those exposed to oils in industrial processes
or accidents. The aim of the study was to study how different types of mineral oils (transformer oil T-
1500, engine oil 10W-40, IGP-30, both new and used) affect the physical and mechanical characteristics
of heavy concrete, in particular its strength and volumetric weight. The experiments were carried out on
concrete samples measuring 100x100x100 mm, made of Portland cement, under standard storage
conditions. Oils were applied by two methods: immersion of samples in oil and application with a brush.

The results of the studies showed that the most significant effect on the strength and volumetric
weight of concrete was the method of immersion of samples in new transformer oil T-1500, where after
30 days a significant increase in weight by 1.18% and compressive strength by 13.06% was observed.
The use of waste oils and the method of applying oil with a brush led to a decrease in the strength of
concrete, in particular, when using waste motor oil 10W-40, the strength decreased by 63.74% on day
30. At the same time, application of oil with a brush caused mainly superficial changes, without
significant improvements or even a decrease in the strength of concrete. The results confirmed that the
type of oil, its condition and the method of application have a significant effect on the mechanical
properties of concrete. The study indicates the importance of choosing methods for protecting concrete
structures from the negative effects of chemical agents and opens up prospects for further research in
this area, in particular the development of technologies that reduce the impact of mineral oils on the
durability and strength of concrete.

Keywords: heavy concrete, mineral oils, concrete strength, concrete average density,
mechanical properties of concrete.

Introduction. Heavy concrete is one of the main materials used in construction, and it is widely
used to create structures with increased requirements for strength and stability [1]. Despite its
widespread use, questions remain about its durability and how its properties change under the
influence of various external factors. One such factor is the influence of mineral oils, which are used
in various industrial processes and can be present in the event of accidents or spills. Nevertheless, the
mechanism by which mineral oils influence the physical and mechanical characteristics of concrete
remains insufficiently studied.

Researching this issue is relevant because it provides a deeper understanding of how chemicals,
particularly mineral oils, can alter concrete's basic properties, such as strength and density. These
changes can significantly impact the performance of concrete structures, particularly their durability
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and safety. Since mineral oils have different chemical compositions and can be new or used, it is
important to study how different types of oils affect concrete under various application methods. This
research will contribute to a better understanding of the processes occurring in concrete under the
influence of chemical agents and may form the basis for developing new recommendations for
protecting concrete structures from aggressive influences. This is particularly relevant in industries
where concrete is exposed to various chemicals.

Analysis of recent research sources and publications. The effect of mineral oils on the
strength and average density of heavy concrete is an important topic in construction and materials
science because using oils and petroleum products at various stages of construction can significantly
impact concrete structure characteristics. Mineral oils, in particular, can alter concrete's physical and
chemical properties, potentially decreasing its strength and durability.

Research into the effects of oils on concrete began several decades ago when serious defects
caused by oiling concrete structures were discovered. Scientists such as K. Zelko, A. Bartosh,
O. Volyansky, D. Plagin, T. Kostyuk, and V. Vinnichenko have devoted considerable attention to
studying this phenomenon, focusing on the various ways oils impact the strength and durability of
concrete structures. Notable foreign studies include the work of S. Stian, D. Weiss, R. Goshek, and
W. Gray, which also confirm the importance of studying this issue.

One of the most notable studies is the research on how concrete strength decreases when it comes
into contact with oil. One such study is by S. Chepurna, who found that oil — soaked concrete stops
hardening and loses strength over time. Similar results were obtained in the study by Salau M. [14], who
found a 12% decrease in the compressive strength of cement — sand mortar after two months of
storage in lubricating oil.

Klymenko E. [4] found that storing concrete samples in mineral oil can lead to a 50% reduction
in strength and that Portland cement concretes are more vulnerable to the effects of oils. Other
researchers, such as Grynova, Shtukhets, Zelko, and Bartos, claim that oils decrease the axial tensile
strength of concrete, particularly lower - grade concrete.

Studies on the effects of mineral oils on the physical and mechanical properties of concrete show
that concrete with lower strength experiences a more pronounced decrease in strength. Diab H. [9]
emphasizes that, after years of operation, oil — contaminated concrete can experience a 40-50%
decrease in strength, with the greatest decrease observed in floor slabs. This is associated with the
shape of the contact surface of structures.

Despite the significant number of studies indicating the negative impact of oils on concrete, some
studies note that under conditions of short — term exposure to heavy oils, the reduction in strength may
be insignificant. Rollo B. and Goshek Y. [13] note that the decrease in strength is only observed for three
months. After this period, the strength stabilizes at a virtually constant level throughout the year. They
also note that the extent of the decrease depends on the conditions of the concrete's initial hardening.

Additionally, there are scientific studies [10, 15] that suggest positive outcomes from various
technological approaches to mitigating the impact of mineral oils on concrete. Research on protective
coatings and special additives, for example, can help maintain concrete's resistance to the negative
effects of petroleum products. This may include special repair methods and improvements to concrete
mix composition.

Analysis of scientific publications shows that the influence of mineral oils on concrete strength
is a multifaceted issue requiring further research, particularly regarding the development of methods
to preserve the strength of structures in the event of prolonged contact with oils. Current research
focuses on finding optimal materials and technological solutions that significantly increase the
durability of concrete structures, even when they come into contact with petroleum products.

Setting goals and objectives. This study aims to investigate the impact of mineral oils on the
physical and mechanical properties of heavy concrete, particularly its strength and average density.
Additionally, the study seeks to identify the primary factors influencing these changes, including the
type of oil, its condition (new or used), and the application method.

The research objectives include:

1. Assessing the effect of new and used mineral oils on concrete strength and density.
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2. Comparing two methods of concrete interaction with oils (immersion and brush application)
in terms of their effect on changes in concrete strength and density.

3. Analysis of changes in concrete's mechanical properties (compressive strength) after contact
with different types of oils for varying lengths of time.

Materials and methods. The study aimed to investigate the effect of mineral oils on the
mechanical properties of heavy concrete. The concrete cubes, which measured 100x100x100 mm,
were made using Portland cement (PC I1/A-B-500R-N, SEM II/A-LL 42.5 R), class C 32/40 (B40),
river sand, crushed stone (5-20 mm), and water. The ratio of cement to sand to crushed stone to water
was 1:2:4:0.5. The average cubic compressive strength of the control samples (without oil exposure)
was 45.2 MPa after 28 days. Initial porosity (12.5%) was determined using the saturation and
hydrostatic weighing method, in accordance with DSTU B V.2.7-170:2008. Water absorption (5.3%)
was determined by the mass method in accordance with DSTU B V.2.7-170:2008. After exposure to
mineral oils, the porosity of the samples decreased by an average of 1-2% when immersed and
increased by 3-4% when applied with a brush. This is due to the oil partially filling or destroying the
pores. Oil absorption was determined experimentally after contact. Samples were prepared and tested
in accordance with DSTU B V.2.7-214:2009 "Concrete. Methods for Determining Strength Using
Control Samples™ and DSTU B V.2.7-170:2008, "Concrete. General Technical Conditions”. The tests
were carried out under standard conditions: a temperature of 20°C and a humidity level of 45%. Six
types of mineral oils were selected for the study: T-1500 transformer oil (new and used), 10W-40
motor oil (new and used), and IGP-30 oil (new and used) (Table 1).

Table 1 — Mineral oils that interacted with concrete

Transformer Transformer IGP-30 IGP - 30 Engine oil Motor oil
T-1500 new  T-1500 used new spent 10W-40 new 10W-40 used

In the study, the oils were used exclusively as external agents that interacted with the concrete.
That is, the oils were not added to the concrete mixture, but rather, were applied to the surface of the
samples by immersion or brush application. Therefore, the oils did not act as concrete additives or
components, but rather simulated the conditions of concrete structures in contact with lubricants. The
samples were kept in contact with the oils for 10 or 30 days. For the immersion method, the samples
were fully submerged in oil in sealed containers. Brushing was performed daily. The thickness of the oil
layer applied with a brush was approximately 0.5-1 mm, as determined by visual inspection and
weighing the samples before and after application. The oils' effect was evaluated 10 and 30 days after
contact with concrete. The physical and chemical characteristics of the oils used in the study are provided
in Table 2. Waste mineral oils are lubricants that lose their original properties during operation, according
to DSTU GOST 21046:2019 "Waste petroleum products. General technical conditions”, DSTU
4058:2001 "Lubricating oils" and DSTU GOST 21046:2019 "Waste petroleum products. Terms and
Definitions™ and DSTU 2156-93 “Motor Oils. General technical conditions™. These oils are characterized
by the presence of oxidation products, metal impurities, and resinous compounds in their composition.
The density (before and after the experiment), viscosity, and acid number were determined for each oil.

To assess the impact, measurements were taken to determine changes in average density and
compressive strength. The average density of the samples was recorded before and after they came
into contact with the oil using analytical scales. Strength was assessed using a standard compression
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test. Changes in properties were compared depending on the type of oil, whether it was new or used,
and the application method. Each oil type was tested twice for each application method, and the results
were analyzed using average values. Particular attention was paid to how the type of oil, method of
application, and duration of exposure interacted to affect the mechanical properties of concrete.

Table 2 — Characteristics of mineral oils

_ N Density_ Density after Viscoosity at Acid
Type of oil Condition | before testing, testing, g/em’ 20°C, number,
g/cm? mm?/s mg KOH/g

Transformer T-1500 new 0.876 0.878 28 0.03
Transformer T- 1500 | worked out 0.885 0.889 31 0.12
IGP-30 new 0.845 0.846 25 0.05
IGP-30 worked out 0.852 0.857 27 0.15
Engine oil 10W 40 new 0.874 0.875 90 0.04
Engine oil 10W-40 worked out 0.881 0.886 95 0.18

Research results. Concrete samples measuring 100x100x100 mm and made of Portland
cement were used for the study. The samples were exposed to various types of mineral oils, including
new and used T-1500 transformer oil, 10W-40 motor oil, and IGP-30 oil. The goal was to evaluate
how oils affect the mechanical properties of heavy concrete, particularly its average density and
compressive strength. To this end, two methods of oil application were employed: immersion of
samples in oil and application of oil with a brush. The properties of the concrete were studied 10 and
30 days after contact with the oils.

The results demonstrated significant differences in concrete behavior depending on the type of oil,
its condition (new or used), and the application method. According to the obtained data, the most
significant effect on the change in concrete’s average density and strength was observed when the samples
were immersed in new T-1500 transformer oil. This oil exhibited the highest increase in bulk density and
compressive strength after 10 and 30 days. Thus, 10 days after immersion, the average density of the
samples increased by 1.14%; on the 30th day, it increased by 1.18%. This indicates the concrete structure
actively absorbed the oil, likely contributing to a reduction in microcracks and an increase in the material's
integrity. Conversely, applying oil with a brush did not cause significant changes in average density —
only 0.05% after 10 days and 0.80% after 30 days — indicating superficial oil penetration.

The best results in terms of compressive strength were recorded when the samples were
immersed in new T-1500 transformer oil. After 10 days, the samples' strength increased by 4.14%,
and after 30 days, it increased by 13.06%. This is the highest increase among all types of oils. This
indicates the positive effect of this oil on concrete's structural strength, particularly due to the oil
partially filling the pores and reducing internal defects in the material. In contrast, using the brush
application method decreased concrete strength: by 4.86% after 10 days and by 48.12% after 30 days.
This indicates the oils' uneven and superficial effect on concrete.

Similar results were observed when using used T-1500 transformer oil. The change in average
density of the samples after 10 and 30 days was similar to the results for new oil; however, the change
in compressive strength was significantly lower. Specifically, the strength increased by 0.92% after
10 days and by 2.14% after 30 days. This indicates the limited effect of used oil containing oxidized
products and contaminants, which can reduce the positive effect. Additionally, applying the oil with
a brush caused a slight decrease in strength: 0.80% after 10 days and 6.57% after 30 days. This
demonstrates the negative effect of used oil on concrete when using the surface application method.
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A study of the effect of IGP-30 oil showed a lower ability to penetrate concrete compared to
transformer oil. In particular, 10 days after immersion, the average density of the samples increased by
0.70%, and after 30 days — by 1.12%. Applying the oil with a brush led to a slight decrease in average
density due to moisture evaporation from the concrete surface: 0.19% after 10 days and 40.35% after 30
days. At the same time, the strength of the samples increased by 2.71% on day 10 and by 12.19% after

30 days, confirming the positive effect of IGP-30 oil on concrete strength (Fig. 1), although less
pronounced compared to T-1500 transformer oil.
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Fig. 1. Change in the average density of a concrete sample after interaction with IGP-30 oil

(30 days relative to 1 day)

Opposite results were observed when using used IGP-30 oil. On the 10th day after immersion, the
samples showed a decrease in strength by — 2.40%, and on the 30th day, this figure was — 4.88%. The
greatest decrease in strength on the 30th day was recorded when applying the oil with a brush, which led
to a decrease in strength by 84.11% (Fig. 2), which is the worst result among all the options studied.
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Fig. 2. Change in compressive strength of concrete sample after interaction with IGP-30 oil

(30 days relative to 1 day)

As for 10W-40 motor oil, 10 days after immersion, the average density of the samples increased
by 0.74%, which is an average indicator compared to other oils. At the same time, changes in
compressive strength on day 10 showed a significant decrease of — 7.47%, which is the worst result
among all new oils. The level of destruction is shown in the photo (Fig. 3).
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Fig. 3. Destruction on day 10 of a sample immersed in new 10W-40 motor oil

However, 30 days after immersion, the strength increased by 11.41%, indicating the possibility
of compensating for the negative effect under conditions of prolonged contact with oil. At the same
time, applying oil with a brush caused a significant decrease in strength by — 63.74% (Fig. 4), which
is another confirmation of the negative effect of surface application of oils.

Fig. 4. Destruction of the sample after 30 days following the application of used motor oil
10W-40 with a brush

The worst result for used 10W-40 motor oil was observed after immersion, when after 30 days
the strength decreased by — 11.04%. This confirms the negative impact of used oils on concrete during
prolonged contact. The least impact was recorded when the oil was applied with a brush, where the
strength decreased by only — 0.25% after 10 days and — 55.07% after 30 days.

Visual observations revealed the formation of a film and deposits on the concrete surface after
contact with waste oils. The depth of oil penetration into the concrete structure was estimated from
sample cuts and amounted to 5-7 mm when immersed and 1-2 mm when applied with a brush.

Overall, the results of the study confirm the importance of correctly applying oil to preserve
concrete's strength. Immersing samples in oil produced significantly better results than applying oil
with a brush. New oils, particularly transformer oil T-1500, had the most positive effect on concrete
samples. Waste oils, especially IGP-30 and 10W-40 motor oil, had a significantly negative effect,
particularly when applied with a brush. This indicates the importance of using high — quality materials
and methods to preserve concrete strength when it is in prolonged contact with oils.

Analysis of the results also highlights the importance of further research on the effects of other
types of oils and different exposure conditions for a more accurate understanding of the mechanisms
of interaction between oil and concrete, which will allow the development of more effective strategies
for improving the properties of concrete under various aggressive influences.

Research on the impact of mineral oils on concrete's mechanical properties has revealed that
this effect hinges on the oil's type, condition (new or used), and application method. Immersing
concrete samples in oil increases their average density, indicating that the oil penetrates the concrete's
pores [6]. New oils, especially transformer oil, are more effective at increasing average density than
used oils due to their homogeneous composition.

The effect on concrete strength was mixed: immersion in new oil increased strength, while used
oils, in particular IGP-30 and motor oil, had a negative effect. This can be explained by chemical
changes in used oils that contribute to concrete degradation. The brush application method often led
to a decrease in strength due to uneven oil distribution.

To reduce the negative impact on concrete, it is recommended to use new oils and the immersion
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method for uniform saturation. To protect concrete structures, special coatings that reduce oil
permeability should be developed [8]. Further research is needed to study the long — term effects and
develop technologies that protect concrete from aggressive environments, such as mineral oils.

Conclusions. Research into the effect of mineral oils on the mechanical properties of heavy
concrete has revealed key factors influencing changes in the structure of the material under the action
of chemicals. The type of oil, its condition (new or used), and the method of application have a
significant impact on concrete properties such as average density and compressive strength.

The new T-1500 transformer oil showed the best results, increasing the average density and
strength of concrete, especially with the immersion method. After 30 days, strength increased by 13.06%
and average density by 1.18%. Used transformer oil had a lesser effect due to the presence of oxidation
products, which reduced the effectiveness of interaction with concrete. The new 10W-40 motor oil
initially reduced the strength of concrete by 7.47%, but after 30 days, the positive effect increased to
11.41%. At the same time, used oil showed a significant decrease in strength when applied with a brush
(a decrease of 55.07%). IGP-30 oil had a moderate positive effect when immersed (strength increased
by 12.19%), while used oil applied with a brush caused a significant decrease in strength (- 84.11%),
indicating the negative impact of oxidation products. The immersion method showed the best results,
ensuring uniform saturation of the concrete, while brush application, especially with used oils, led to
local damage to the concrete due to uneven oil distribution. Over time, after 30 days, the new oils
contributed to improving the characteristics of the concrete, while the used oils caused a decrease in
strength. The difference between new and used oils is due to their chemical composition: new oils have
a more stable composition, while used oils contain resins and oxidation products that destroy concrete.
The results obtained are consistent with the requirements of DSTU B V.2.6 - 156:2010, which stipulate
increased density (not less than 2400 kg/m?), low water absorption (up to 5%), and resistance to
aggressive environments for concrete used in oil tanks. The samples that were in contact with the new
T-1500 transformer oil met these indicators, confirming the suitability of heavy concrete for use in
lubricant tanks, provided that the materials and oil application methods are correctly selected. Overall,
the results of the study help to better understand the mechanisms of interaction between mineral oils and
concrete and may be useful for improving construction technologies.
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AHoOTamis. Y CTaTTl JOCHIPKEHO BIUIMB MIHEPAJIbHUX OJMB HA MILHICTh 1 CEPEIHIO TYCTUHY
Ba)XKOro OeToHy. Baxkuii 6€TOH € OCHOBHMM MaTepialioM y OyAiBHHIITBI, III0 BUKOPHCTOBYETHCS IS
CTBOPECHHSI KOHCTPYKIIIH 3 TiIBUIIICHUMH BUMOTaMH JI0 MIITHOCTI Ta CTIHKOCTI, O/THAK BIUIMB XIMIYHUX
areHTiB, TaKUX SK MIHEpaJIbHI OJMBU, Ha WOTO BJIACTUBOCTI 3AJIMIIAETHCS HEJOCTATHHO BHUBUYECHUM.
BuBYeHHS 1LOTO AacCHeKTy € BaXIMBUM JUIS TOKpPAIICHHS JOBrOBIYHOCTI 1 Oe3meku OETOHHUX
KOHCTPYKIIIH, 30KpeMa THX, 1110 I/IJat0THCsI BIUIMBY OJIMB B YMOBAX IIPOMMCIOBUX MPOLECIB UK aBaAPIil.

Mertoro 1ociKeHHS OyJI0 BUBYMTH, SIK Pi3HI THITM MiHEPATBHHUX OB (TpaHC(OpMaTOpHA OJIMBa
T-1500, motopra omuBa 10W-40, IT'TI-30, sk HOBI, Tak 1 BiAmpalbOoBaHi) BIUIMBAIOTh Ha (i3WKO-
MEXaHIUHI XapaKTepUCTUKU BAXKKOro OETOHY, 30KpeMa HOro MIIHICTh 1 CEpeIHI0 TI'yCTUHY.
ExcniepumeHTH npoBOAWINCH Ha OeTOHHMX 3pazkax po3mipamu 100x100x100 MM, BUTOTOBIEHHX 3
MNOPTJIAHIEMEHTY, 3a CTaHIApPTHUX YMOB 30epexeHHsA. OJIMBM HAHOCWIMCH [BOMAa METOIAMHU:
3aHypEHHSIM 3pa3KiB y OJIMBY Ta HAHECEHHSM TIEH3IMKOM.

Pe3ynbraté oCHiKeHb MMOKa3ald, 0 HaHICTOTHIIIMI BIUIMB HA MILHICTh 1 CEPEIHIO I'YCTUHY
OETOHY MaB METOJ| 3aHYypEHHS 3pa3KiB y HOBY TpaHchopmaTopHy ommBy T-1500, ne gepe3 30 mHiB
CcTIocTepirajgoch 3HauHe 30UTbIICHHS cepenHboi ryctuan Ha 1.18% Tta mimmocti Ha ctuck Ha 13.06%.
3acTocyBaHHS BINPALbOBAHUX OJIMB T4 METO] HAHECEHHS OJIMBU MEH3IMKOM MPU3BOIMIIH /10 3HHKEHHS
MIITHOCTI O€TOHY, 30KpeMa MpH BUKOPHUCTaHHI BinpanboBaHoi MoTopHOi onmuBu 10W - 40 Ha 30 neHb
MIIHICTh 3HM3MIAch Ha 63.74%. BomHowyac HaHECEHHS ONMBU TEH3JIMKOM BHKJIMKAIO MEPEBAXKHO
MMOBEPXHEBI 3MiHM, 0€3 3HAYHMX IOJIIIICHb, a00 HaBiTh 3HW)KEGHHS MIITHOCTI OeToHy. PesynmbTaTtn
MATBEPIUIN, IO TUM OJIUBH, 1 CTAH Ta METOJl HAHECEHHsS MAlOTh CYTTEBUH BIUIMB Ha MEXaHi4YHI
BJIaCTUBOCTI OeToHy. JloCHi/pKeHHs BKa3ye Ha BaXKJIMBICTb BHOOPY METOMIB 3aXUCTy OETOHHHMX
KOHCTPYKIM BiJi HETaTUBHHUX BIUIMBIB XIMIYHMX areHTIB 1 BIAKPUBA€E MEPCIIEKTUBH JJIS MOJATIBIINX
JOCITI/KEHb Y I1iH Tary3i, 30KpeMa po3poOKH TEXHOJIOTIH, SKi 3HWKYIOTh BIUIHB MiHEPATEHUX OJIUB Ha
JIOBTOBIYHICTH Ta MIITHICTh OCTOHY.

KurouoBi cioBa: Baxkuii 0€TOH, MiHEpalbHI OJIMBU, MILHICTh OETOHY, CEpelHs T'yCTHHA,
MEXaHI4Hi BIaCTHBOCTI OETOHY.

Crarta Hamiinoia 1o penakiii 20.08.2025
Cratta npuiinsaTa 1o apyky 24.10.2025
JlaTta myOmikarii crarti 25.12.2025

This work by © 2025 by Yermakov O.M., Volkova V.E. is licensed under CC BY 4.0

ISSN 2786-6696 Modern construction and architecture, 2025, no. 14, page 78-85

85


http://visnyk-odaba.org.ua/2025-14/14-8.pdf
https://example.com/
https://creativecommons.org/licenses/by/4.0/

86

BUILDING MATERIALS AND TECHNIQUES

UDC 620.1:624.012.45:532.54 DOI: 10.31650/2786-6696-2025-14-86-95

DROPLET METHOD FOR INVESTIGATING THE CAPILLARY-POROUS STRUCTURE
OF MATERIALS

!Kolesnykov A.V., D.Sc., Associate Professor,
kolesnikov_himek@odaba.edu.ua, ORCID: 0000-0001-8737-0933
'L evytskyi D.V., postgraduate student,

924ldv@odaba.edu.ua, ORCID: 0000-0001-5350-522X

!0desa State Academy of Civil Engineering and Architecture

4, Didrikhson Str., Odesa, 65029, Ukraine

Abstract. A simple express methodology is proposed for the non-destructive characterization of
the capillary—porous structure of building materials, based on monitoring the spreading dynamics of a
colored droplet applied to the surface of a specimen. The method relies on recording the temporal
evolution of the stain and interpreting the resulting R dependence within the Lucas—Washburn
framework and porous-media theory. This enables, in a single experiment, the evaluation of effective
porosity, capillary conductance, permeability, mean effective pore radius, effective diffusion coefficient,
as well as wetting parameters (contact angle, surface tension) and indicators of deviation from the ideal
capillary regime. The experimental procedure consists of video recording the spreading of a droplet of
aqueous dye solution (e.g., methylene-blue), followed by frame extraction and computer processing of
the stain contours. From the stain area, an equivalent radius is obtained, the R?%#) relationship is
constructed, and its slope is used to extract integral capillary characteristics of the material. The approach
provides high informational value at minimal equipment cost, making it suitable for field applications
and preliminary screening of restoration zones. Using shell limestone as an example, it is demonstrated
that the method allows quantitative identification of structural variations even within a single block or
layer-an essential requirement for selecting compatible primers and restoration mortars with controlled
rheological and adhesive properties. A consistent data-processing workflow is outlined: linearization of
the R?(z) dependence, determination of capillary conductance, evaluation of effective porosity from the
absorbed liquid volume, and reconstruction of permeability and contact angle values based on known
liquid parameters. Verification criteria for assessing the plausibility of the obtained values are presented,
including penetration depth and typical ranges of permeability and mean pore radii for cemented
carbonate rocks. The proposed methodology effectively complements diagnostic approaches already
used in restoration practice and provides a parametric basis for selecting mixtures adapted to the real
geometry of the substrate’s capillary—porous network. Thus, the developed droplet-based analysis toolkit
combines operational simplicity with the ability to obtain key structural characteristics required for
scientifically grounded design of repair and restoration solutions for shell limestone e heritage objects.

Keywords: capillary—porous structure, droplet spreading, Lucas—Washburn method, shell
limestone, restoration materials.

Introduction. Assessing the capillary—porous structure of calcite-containing rocks, particularly
shell limestone, is essential for the justified selection of restoration and plaster compositions. Adhesion,
deformation and filtration compatibility, water absorption, vapor permeability, and the overall durability
of the "substrate—coating” system are directly governed by the geometry and connectivity of the pore
space. For shell limestone, this is especially critical due to the high structural heterogeneity even within
one layer and the sensitivity of the surface to local variations in microrelief, which makes it difficult to
ensure reliable contact of the restoration material with the base and requires taking into account the
individual characteristics of the restoration areas. That is why modern approaches insist on a preliminary
physico-chemical analysis of the surface and adjustment of the composition according to operational
properties in compliance with the requirements of authenticity and compatibility, which for shell
limestone objects acquires the status of a mandatory technological stage.

ISSN 2786-6696 Modern construction and architecture, 2025, no. 14, page 86-95



BUILDING MATERIALS AND TECHNIQUES

The express method proposed in the work is based on the registration of the time evolution of
a stained liquid spot that spreads along a capillary—porous network near the surface of the sample.
The method is attractive because it combines experimental simplicity with high informational value:
video recording of the process and elementary computer processing of the contours are enough to
obtain a set of integral parameters of the porous medium from the R2(t) curve. In practice, a
methylene-blue solution was used. The video was split into frames, the spot area and geometric
parameters were measured, circularity was evaluated, and the relevant physical quantities were
computed — all without damaging the sample, with minimal equipment requirements, and with the
possibility of performing the procedure directly on the object. Such a ratio of "simplicity of
measurement — significance of results” is especially attractive for monument conservation work,
where full-scale laboratory methods are often impractical or impossible at all.

Here it is appropriate to briefly review the theoretical principles of the method. Under the
condition of dominance of capillary forces, the spread of a drop in the approximation of an isotropic
pore network obeys the Lucas—Washburn law, which leads to a linear of R?(t) on time. It should be
noted that real samples of shell limestone are rarely isotropic. The presence of internal boundaries of
division, microcracks and zones of inhomogeneous cementation locally changes the paths of liquid
filtration, leading to deviations from the ideal Lucas—Washburn capillary regime. Such effects are
manifested in the form of a change in the slope of the R?(?) dependence at certain time intervals or in
the appearance of weak anisotropy of the spot. However, for small drop volumes and dominance of
wetting over gravity, these deviations do not violate the overall linearity, and therefore can be taken
into account as part of the effective parameters ¢ efand Kc. The slope of this dependence is interpreted
as the capillary conductance coefficient K. (hereinafter denoted A), which in combination with known
fluid parameters (dynamic viscosity wand surface tension y ) and hydrophilic-hydrophobic surface
properties (contact angle @) allows us to reconstruct the structural characteristics of the material.
When the absorbed volume V(t) or sample thickness is known, the method yields the effective
porosity geri. From the capillary pressure or front velocity, the effective pore radius reff can be
estimated. With reference values of y, u and 6, the intrinsic permeability k can also be derived. The
set of these quantities forms a "passport” of the porous medium, in which 4, ¢ eft, K, ret, @, D eff, are
mutually consistent and allow us to control the plausibility of the estimates for the spot geometry,
penetration depth, and ranges typical of cemented carbonate rocks.

The practical relevance of the measured characteristics for the selection of restoration and
plaster compositions lies in the direct connection between the parameters of the pore network of the
base and the formulation solutions. Knowing ¢ef and k, the permissible intervals of water
consumption, wetting and drying rates are established and the structure of the binder matrix
(lime/cement ratio, proportion of microfillers) is selected to ensure compatibility in terms of filtration
capacity and avoid excessive capillary suction, which provokes salt migration. The parameter re
focuses on the granulometry of the aggregate and microfillers: the particle distribution should "hook™
the dominant pore channels for reliable mechanical fixation without clogging the vapor paths. The
wetting angle @ and the associated wetting energy control the choice of hydrophilic-hydrophobic
modifiers and primers, which allows balancing adhesion and capillary water absorption and reducing
the risk of formation of efflorescence defects. The Dest estimate helps predict the kinetics of moisture
and dissolved salt transport in the base—layer system, setting maintenance regimes and operational
constraints. In conclusion, the described approach provides a parametric basis for adapting the
composition to a specific shell limestone surface, which is consistent with modern practice in material
selection for historical sites and complements other methods of surface structural analysis.

Unlike more complex methods that require specialized microscopy and separate laboratory
measurements of hydrophobicity and texture parameters, the express drop approach allows you to
quickly obtain a consistent set of target values directly on the site, and the obtained parameter
intervals for limestone and shell limestone serve as additional verification of the realistic estimates
and the basis for making design decisions. Such a balance of simplicity of the procedure and the
significance of the results corresponds to the task of scientifically based selection of restoration and
plaster systems for objects made of shell limestone.
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Analysis of literature sources. Capillary wetting and imbibition in porous building materials
— from classical equations to express methods based on the "dye drop” — remain one of the most
informative approaches for non-destructive diagnostics and selection of restoration and plaster
compositions. In modern works, the general dynamics of the front is described by the Lucas—
Washburn law, which leads to a linear dependence of R?(t) on time under the dominance of capillary
forces. Deviations from Lucas—Washburn are associated with inertial effects, gravity, wettability,
angle hysteresis and multimode pore distribution [1-5]. For thick porous substrates, analytical
solutions are consistent with observations of a drop that simultaneously spreads and infiltrates, and
corrections to Lucas-Washburn scaling are proposed [3]. In parallel, two-phase models based on
filtration/porous media equations (Richards/LBM/PNM) generalize Lucas—Washburn to cases of
partial saturation and complex pore geometry [2, 4, 6]. Against this background, "field" protocols
(RILEM I1.4, ASTM C1585) provide standardized capillary indices (capillary absorption coefficient,
drying index) and are widely used in stone conservation to assess the effectiveness of water repellents
and salt resistance [7-12].

The express approach with fixation of the spread of a colored drop directly implements the
Lucas—Washburn framework: from the slope R?(t) the combined coefficient of capillary conductance
Kcis extracted, and with a known volume of absorbed liquid V(t) the effective porosity e is obtained;
with additional data — to the permeability k, the effective pore radius ref (due to capillary pressure or
the Kozeny—Carman correlation) and, sometimes, to 8 [1-4]. The linearity of R?(t) ~ t is a diagnostic
feature of the capillary regime and allows us to estimate Kc, getrand refi for shell limestone. In practice,
this is implemented through frame-by-frame analysis of the spreading methylene-blue drop, followed
by measurement of the spot geometry, linear regression of the R?@) on time, and subsequent
substitution into the basic Lucas—Washburn and Kozeny—Carman relations.

Compared to laboratory methods (mercury porometry, N2/BET adsorption, MRI/NMR relaxation,
microCT), the "drop method" has the advantages of simplicity, low cost and sensitivity to surface
changes, which is critical for assessing the compatibility of restoration systems with a porous base.
However, classical standards also take into account limitations: locality of measurement, the influence
of texture/anisotropy and surface preparation mode. Therefore, in conservation practice, it is advisable
to combine it with RILEM/ASTM standards, which calibrate the absorption rate on representative scales
and allow validating trends "before"/"after" treatments [7-12]. At the foundation level, generalized
analyses show that Lucas—Washburn scaling works well in mesoporous/macroporous carbonates before
the appearance of capillary competition and gravitational effects. Network and micromodel experiments
quantify the validity and deviation domains [5, 6].

For carbonates of the shell limestone type, recent petrophysical studies highlight the wide
variability of pore types/sizes and connectivity, which directly determines k, ¢es, electrical
conductivity and degradation behavior. Pore-permo correlations for shell limestone differ from those
typical for microporous limestones and require local calibrations [2, 13]. For restoration practice, this
means the need to select soil-plaster-finish systems that match the capillary conductance and the
"breathability" of the substrate: too low Kc/p of the composition relative to the substrate will
contribute to the accumulation of salts/moisture at the interface and delamination; a consistent
capillary profile reduces the risks of salt weathering [8, 10]. That is why it is advisable to use fast
"drop" indices (slope R?(t), estimate K, geff) as screening criteria when selecting compositions for
more laborious test cycles (RILEM I1.4, accelerated salt weathering) [7, 8, 10].

An important modern line is the convergence of "droplet hydrodynamics™ with digital
morphometry and fractal surface descriptors: fractal dimension (by box-counting, triangular prisms,
power spectrum, variational method) correlates with roughness/texture and affects the effective
wetting angle, initial spreading and local infiltration [14-17].

In applied works for shell limestone, it has been shown that fractal metrics provide a
quantitative basis for assessing "geometric smoothing” after priming: the difference in fractal
dimensions before/after treatment can serve as a criterion for selecting a composition taking into
account adhesive-capillary compatibility [16].

The combination of express droplet kinetics with fractal analysis of surface images forms a
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complementary set of indicators for the prompt but well-founded selection of restoration and plaster
systems for a specific shell limestone.

In general, the comparison of approaches shows the following: Lucas—Washburn/droplet
techniques are the most accessible for capillary mass transfer screening and preliminary selection of
compositions; RILEM/ASTM standards are necessary for validated quantitative assessment and
comparison of "before/after" treatments. Fractal morphometry is a bridge between surface geometry
and wetting hydrodynamics, which allows setting target parameters of "compatibility” of restorative
materials with a specific porous substrate.

The purpose of the work is to develop and test an express method for determining the
capillary—porous characteristics of shell limestone based on the dynamics of droplet spread, taking
into account the influence of internal separation boundaries and microcracks, determine the
conditions for the applicability of the Lucas—Washburn approximation, and obtain generalized
(effective) parameters geft, K, reff, suitable for scientifically substantiated selection of restoration and
plaster compositions.

Materials and research methods. In the study, shell limestone was used as a model material,
which is characterized by a pronounced capillary—porous structure and high heterogeneity of pore
size distribution. Samples were taken from typical blocks used in the masonry of historical buildings,
while the surfaces for research were previously cleaned of dirt and dust without additional grinding
in order to preserve the natural relief. An aqueous solution of dye (methylene blue) was used as the
working fluid, which provided a distinct contrast of the stain against the stone background and did
not significantly change the physicochemical parameters of water (viscosity, surface tension).

The measurement method consisted of applying a drop of known volume (0.02—0.05 ml) to the
sample surface using a micropipette. Further spreading and absorption of the liquid were recorded
using a digital video camera in real time. The resulting video files were divided into frames, after
which the contours of the spot were determined using software analysis. The equivalent radius R(t)
was calculated from the spot area, the dynamics of which were monitored throughout the experiment.

Research results. From the analysis of the dependence of the spot radius on time, several key
properties of the capillary—porous structure can be identified. Below is a model proposal, according
to the method of which each property is determined.

Based on the dependence of the radius R(t) on time, it is possible to determine the effective
porosity e, the capillary conductivity coefficient K¢, the average effective pore radius ret, the
coefficient of diffusion of liquid in a porous medium Defr, (wetting angle 6, surface tension y, if not
previously known, permeability of the material k, volumetric resistance to liquid movement, and the
deviation index from the ideal capillary regime (if observed).

Some of the above parameters were determined in the course of studying shell limestone, which
is the primary material forming and undergoing restoration in historic buildings. These values are
very important for making informed choices about plaster and restoration compounds.

The dependence of the radius of a water or other solvent or colored solution spot on time is
determined by the Lucas—Washburn model. If capillary forces dominate, then according to the Lucas—
Washburn equation (1):
ycosd k

2:” ¢eff
where R(t) is the radius of the spot, y is the surface tension, @ is the wetting angle, x is the viscosity
of the liquid, k is the permeability, e is the effective porosity.
From experimental data, the model allows determining the combined capillary conductivity
coefficient (2):

R*(t) =

cosd k
== ¥
2/“ ¢eﬁ
It is extracted from linear regression using the experimental dependence R 2~ t . If the amount
of absorbed liquid V(t) is known, the method allows to proceed to the effective porosity (3):

K

c
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= , 3
¢eff ﬂ_RZ(t)h ( )
where h is the thickness of the material.
To determine the average pore radius, capillary pressure is used (4):
AP=27COSH. @)
ref‘f

If pressure information is available, reit can be determined. The effective radius value can also
be obtained by expressing it in terms of the front velocity using an adapted Lucas—Washburn model.

For capillary diffusion, an analogy with diffusion is sometimes used. The effective diffusion
coefficient Deft includes the parameters of capillary transport. Analysis of the R2(t) graph allows us to
estimate Dett (5):

R*(t) ~ Dyt - (®)

If y, 1, k and ¢ et are known, cos @ can be expressed from the expression for Kc, and then the
angle itself. This is relevant for porous materials when the contact angle can be directly determined
by the absorption of liquid by the porous material.

The experimental dependencies obtained reflect the combined effect of microstructural factors
— porosity, cracking and internal border section between grains. Within the proposed approximation,
they are integrated into the concepts of "effective porosity" and "effective permeability”. Thus, even
in the presence of small cracks or porous areas of varying connectivity, the results are interpreted as
averaged characteristics of the macroporous network. This ensures the accuracy of the method for
evaluating real restoration materials and natural stones with complex structures.

Practical part. The practical implementation of the used methods was based on the processing
of the drop image obtained by frame-by-frame video recording of the spread of a drop stained with
methylene blue solution. Some frames of this video storyboard are given in Fig. 1.

BCLERERT I TR T AT

430 mznures HY

Flg 1. The process of spreadlng a staln of a dlluted solutlon of methylene blue on a sample of sheII
limestone

By analyzing these and other images using the Scion Image package, data on the shape and size
of the spot were obtained, which are presented in Table 1.

Table 1 — Geometric characteristics of the size and shape of a liquid spot

No. Area Perim Major axes | Minor axes Angle | Circle | AR Round
1 5.430 9.979 2.828 2.445 119.093 | 0.685 | 1.157 | 0.865
2 10.350 13.043 3.691 3.570 138.976 | 0.765 | 1.034 | 0.967
7 12.770 14.387 4.193 3.877 112.399 | 0.775 | 1.082 | 0.925
3 18.360 17.398 5.069 4.612 97.030 | 0.762 | 1.099 | 0.910
4 19.400 16.793 5.131 4.814 95.375 | 0.865 | 1.066 | 0.938
5 19.420 17.695 5.170 4.783 102.179 | 0.779 | 1.081 | 0.925
6 20.770 17.404 5.209 5.077 98.306 | 0.862 | 1.026 | 0.975
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In Table 1 the following notations are used:

— Area — spot area, square millimeters;

— Perim — perimeter (length of the outer border of the spot);

— Major axes — major axis of the approximating ellipse (by length);

— Minor axes — minor axis of the approximating ellipse (in width);

— Angle — the angle between the main axis and the line parallel to the abscissa axis in the image;

— Circ — a measure of roundness. A value of 1.0 indicates that the circle will be perfect. The
closer this value is to 0.0, the more elongated the resulting circle will be (6):

. (Area)
Circ=4r ——, 6
" (Perim)’ ©)
— AR — measure of roundness. Ratio of axes of approximating ellipse (7):
AR — Mfijor axes ’ )
Minor axes
— Round — a measure of roundness, which is calculated by the formula (8):
(Area)
Round =4 (8)

T (Major axes)2

A value of 1.0 indicates perfect roundness of the spot.

The values of the roundness measures in Table 1 indicate the adequacy of the assumption of
roundness of the drop in the calculations. Therefore, to obtain the initial data (the square of the radius),
the spot plane can be used, which was done.

The practical implementation of the considered methodology is carried out in the following
sequence:

1. Plotting the graph of the dependence of R? on time. If the dependence is linear, then the
system is controlled by capillary transport.

dR?

2. Determination of the slope coefficient A=

3. Calculate Kc = A.

4. Calculate et based on the volume of absorbed liquid.

5. Taking into account data on the physical properties of the liquid, the missing parameters gef,
6, k, etc. are calculated from the model.

Graph of the dependence of R? on time (Fig. 2)

le-6
X Experimental data
7} —— Linear approximation
2 ; x
R =1.6e-7-t
6
r-é 5
[ 3
R 4
3
2
5 10 15 20 25 30 35
Time. s

Fig. 2. Dependence of R?on time, and its linear approximation

The dependence of R on time and its linear approximation shows that the spread of a spot in a
porous material obeys the linear Lucas—Washburn law (9):
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RZ(t) = A-t, (9)

where A= 1.61 - 107" m?/s.

The Lucas—Washburn equation allows us to proceed to the calculation of structural
characteristics. The basic formula for calculating structural properties (10):
ycosd k-

A= : (10)
Zlu (oeff
Let us calculate it relatively according to the following relation (11):
k __2uA ’ (11)
@5 Yy COSO

where A = 1.61-10"7 m?/s is found from the graph, x = 1.0-1073 is the viscosity of water, y = 0.072 N/m
is the surface tension of water. The average wetting angle, according to the previous experiment, was

0 ~ 36°, then COS (5) ~ 0.8. Substituting the values, we obtain (12):
k 2-1.0-10°-1.61-107
i 0.072-0.8
This relation k /g, ~5.59-10°m*combines the permeability of the material k, m? and the
effective porosity g, (dimensionless volume fraction). If we assume ¢, = 0.25 (realistic for shell
limestone), then (13):

~5.59-10°m?. (12)

K~ g K 02555010 =1.40-10°m?. (13)
eff
For limestones and shell limestone, typical permeability values are shown in Table 2.

Table 2 — Typical permeability values for different materials

Material Permeability k , m?
Fine sand 101 - 1012
Limestone 10 -101

Shell limestone 1010-108

The result obtained k ~1.29-10°m?. This is consistent with the range of porosity values of

shell limestone, especially those that have been exposed to weathering or have natural cracks.
Let's check by the volume of the liquid. The volume of the solution V = 0.02ml =2 - 108 m?

Maximum spread area (according to the last value): S__ = 20.77 cm’ = 2.077-10°m’. Let's estimate

. \Y, 2.10°
the average penetration depth: h=—=————-
S 2.077-10

for tests with an aqueous solution on dense but porous limestone or shell limestone.
The assessment of the plausibility of the results for the shell limestone is summarized in
Table 3.

~ 0.96 mm . Penetration depth < 1 mm — plausible

Table 3 — Plausibility assessment of results for the shell limestone

Parameter Value
Coefficient A 1.61-107" m?/s
k
— 5.59-10° m?
¢eff
Estimate k at ¢, = 0.25 1.40-10°m?
Penetration depth assessment ~0.96 mm
Plausibility High for a shell limestone
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Estimate the average pore radius Iy using the approximate formula — a consequence of the

Kozeny—Carman equation (14):
2
k:re_f'f.q)L"'f = reff: ’8k_'[ (14)
8 T (Def‘f

For different values of tortuosity typical for a shell limestone z (Table 4):

Table 4 — Estimated average pore radius at different tortuosity values

Tortuosity t Feff, MM
1.5 0.249
2.0 0.287
2.5 0.321

Thus, a pore radius of ~0.25-0.32 mm is a plausible estimate for cemented carbonate rocks
such as shell limestone.
Estimate the pore density (number of pores per 1 m?). For this we will use the relation (15):

?,
N=—" (15)

ﬂreﬁ

The results of calculations for three characteristic values of the pore radius are given in Table 5.

Table 5 — Pore density at different average radius values

Pore radius reff, mm The number of pores per 1 m?, pcs
0.249 1284 900
0.287 963 700
0.321 770 940

The number of pores of about 1 million per square meter is quite typical for porous limestone and
shell limestone. Let us make a general assessment of the plausibility of the obtained results (Table 6).

Table 6 — Assessment of the plausibility of the obtained values

Characteristic Value Plausi?_ility for a shell
imestone
Permeability k 1.40-10° High — within typical values
Pore radius r et 0.25-0.32 mm Characteristic range
Penetration depth ~0.96 mm Expected when saturated
Pore density 0.7 1.3 - 10 ®pores/m 2 Realistic

Conclusions. Comparison of the results with data from literature sources indicates their
adequacy to the typical characteristics of the materials under study. Given the influence of internal
boundaries and microcracks, the method should be considered an effective approximation that is valid
in cases where capillary forces prevail over gravitational forces and the filtration process is not
accompanied by the opening or change in the geometry of cracks. Under such conditions, the
parameters ¢ eff , K, reff reflect the integral response of the porous medium and remain suitable for
quantitative identification of the structure. However, since each sample of shell limestone has a
unique pore structure, which is associated with different conditions of its origin and different nature
of environmental influences, the study of the capillary—porous structure should be carried out for each
restoration object separately. Thus, the goal of the work — verification of the suitability and limits of
applicability of the drop method for real heterogeneous carbonate rocks — has been achieved. The
results confirm the possibility of using effective parameters gesr, K, reff for parametric selection of
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restoration compositions. The simplicity and ease of implementation of the proposed method allow
for easy application of the method directly in the conditions of restoration of a cultural heritage object.
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AHoTanif. 3arpornoHOBaHO MPOCTY EKCIPEC-METOAUKY HEPYHHIBHOI'O aHAJi3y KamiJispHO-
MOPUCTOI CTPYKTYpH OyAiBEIIbHUX MaTepialiB 3a JHHAMIKOI PO3IUIHBY Kparuti 3a0apBiIeHOT pianHHA
no0au3y MOBEpXHI 3pa3ka. MeToa TIPYHTYETbCS Ha peecTpaiii 4acoBoi €BOJOLI IUIAMHU Ta
nofanbLIiii iHTeprperanii 3anexnocti R(t) y pamkax pisHsuHs Jlykaca-BamOypHa i migxomis
Teopli MOPUCTUX CEPEeNOBHUII, IO Ja€ 3MOTY 3 €IUHOTO0 EKCIEPUMEHTY OI[HHUTH e()EeKTHUBHY
MOPHUCTICTh, KOE(PILi€HT KaIAPHOI MPOBITHOCTI, MPOHUKHICTD, CepeliHill epEeKTUBHHIA pajiycC mop,
edexTuBHUN KoediieHT nudy3ii, a TAaKOXK MapaMeTpy 3MOYyBaHHS (KyT 3MOYYBaHHS, TOBEPXHEBHMA
HATAT) 1 TIOKa3HUKW BIOXWJCHHS BiJ 1JCAJIbHOTO KaNUISIPHOTO peXuMy. EKcnepuMeHTalbHA
peaizaiis 6a3yeThCsl Ha BiICOPEECTpAIlil PO3TIKAHHS Kparuli BOAHOTO pO3UMHY OapBHHUKA (30KpemMa
METHJICHOBOTO CHHBOTO) 3 TOJAJIBIIMM KaJIpyBaHHSIM Ta KOMII IOTEPHOI0 OOpPOOKOIO KOHTYpIB
IISAMM; 3 TUIONII IUIAMM BU3HAYAacThCS CGKBIBAICHTHUM pajiyc, Oyayerbes 3anexsicTs R(t), 3a
HaXWIOM SIKOi OJepXKYIOTh IHTETrpalibHi KamJIsipHI XapaKTepUCTUKU Martepiaimy. Takuid miaxin
3a0e3neuye BHUCOKY 1H(OOPMATHUBHICTh 3a MiHIMaJbHUX BUMOT 10 OOJIATHAHHS, NPHIATHUHA IS
MOJIbOBUX BUMPOOYBaHb 1 MEPBHHHOTO COPTYBaHHA IUISHOK pecTaBpauidHux pooOit. Ha nmpuknani
BaITHSKYy-YepENaniHuKy TOKa3aHo, IO METOJl JO3BOJIAE KUIbKICHO ineHTU(diKyBaTH Bapiallii
CTPYKTYpPHU HaBITh y M€Xax OJHOrO Iapy abo 6J10Ka, 0 KPUTUYHO BAXIIUBO IS M1I00PY CYyMICHHX
I'PYHTOBOK 1 pecTaBpalliiiHiuX pO34YHHIB 13 33/JaHUMHU PEOJIOTTYHUMU Ta aAre€31MHUMU BIACTUBOCTSIMH.
3anponoHOBAHO MOCIIIOBHICTE OOpOOJIEHHs JaHMX: JiHeapu3alis R? — t, omiHKa KamiaspHOT
MPOBITHOCTI, Tiepexia 10 e(HEeKTHUBHOI MOPUCTOCTI 32 00’€MOM TOTJIIMHEHO! PiTUHU, BiJHOBJICHHS
MMPOHUKHOCTI Ta KYTiB 3MOYYBaHHS 3 ypaxXyBaHHAM BiIOMUX (I3UYHMX MapaMeTpiB PiJUHH,
HaBE/ICHO KpUTepii MepeBipKH MPaBaoNoAiOHOCTI pPO3paxyHKiB (ITHOMHA TPOHUKHEHHS, XapaKTepHi
Jiara3oHd TMPOHUKHOCTI Ta CEPeNHIX PpajiyciB IMOp s IIEMEHTOBAHUX KapOOHATHHX IIOPiN).
Metoauka OpraHiuHO JIOTIOBHIOE TPHUHHATI B pPECTaBpalliifHIA MPaKTHII MiJXOAW MOMEPETHbOI
JIarHOCTHKY MOBEPXHI Ta CIIYTY€ OCHOBOIO JJIsl MapaMEeTPUIHOTO J0OOpY CKJIa/iB, aJaNTOBAHUX 10
peanpHOi TeOMeTpil KamiJspHO-TIOPUCTOI Mepexi cyOcTpary. Takum YHHOM, PO3BUHEHHHA
IHCTpyMEHTapii aHaJi3y PO3IUIMBY KpaIuli MOE€JHY€ MPOCTOTY BUKOHAHHS 3 MOMJIUBICTIO OTPUMAaHHS
KITIOYOBUX CTPYKTYPHHX XapaKTEPUCTUK, HEOOXITHUX [T HAYKOBO OOTPYHTOBAHOTO MPOEKTYBAHHS
PEMOHTHO-pECTaBpaIlifHUX PIICHB JJIs1 00’ €KTIB 13 BATHAKY-YePEIIAlIHUKY.

KaouoBi cioBa: KamiisipHO-TIOpUCTA CTPYKTypa, pO3TiKaHHA Kparut, meron Jlykaca—
BamOypHa, BanmHsSK-uepenaniHiK, pecTaBpaliiiHi MaTepianm.
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Abstract. The presented article provides experimental results related to determining the
influence of mechanic activation of mixed Portland cement and a superplasticizing admixture on the
physical and mechanical properties of cement stone under compression at the ages of 3, 7, and 28
days. Such cement was obtained by mixing Portland cement PC-1 500 with ground quartz sand, the
amount of which varied within the range of 30-60 % of the total binder mass. A promising method
for increasing the compressive strength of cement stone is intensive mechanic and chemical activation
of mixed cement in a high-speed turbulent-type activator in the presence of a superplasticizer SP-5,
the content of which varied from 0 to 1 % of the binder mass.

The research was carried out using D-optimal mathematical experimental design, with variation
of the following factors: consumption of ground quartz sand (45 + 15) % of the mixed binder mass
and the amount of superplasticizing admixture (% of the mixed binder mass). The cement-water
mixture was prepared using two technologies: the first with a high-speed activator (rotor speed 1500
rpm) and the second by traditional (control) mixing. The obtained mathematical models indicate a
significant influence on the compressive strength of the cement stone by both the formulation factors
(X1, X2) and the technological parameters of the mixing process. It should be noted that the combined
effect of mechanic and chemical activation, the amount of ground sand, and the superplasticizer
makes it possible to increase the compressive strength of the cement stone (compared to the control)
by 22...41 %, which allows a substantial increase in the proportion of ground quartz sand in the
mixed binder composition as a mineral additive to cement.

Keywords: mechanic activation, Portland cement, superplasticizer, mineral additive,
compressive strength, variable factors.

Introduction. It is known that one of the key problems in the technology of production of mixed
cements is the formation of optimal combinations of Portland cement with mineral additives, which
allows to increase the potential properties of the binder. Quartz sands have become widespread as a
mineral additive to cements, the presence of which in their composition ensures not only a reduction in
the cost of the mixed binder, but also provides a number of positive properties to the cement stone
(reduction of shrinkage, reduction of the magnitude of exothermic heating, etc.). The article considers
the influence of mechanical and chemical activation of Portland cement, the amount of ground quartz
sand and superplasticizer on the compressive strength of the cement stone. In our opinion, the combined
use of ground quartz sand, superplasticizer, mechanical and chemical activation of the mixed binder
contributes to obtaining cement stone with increased compressive strength.

Analysis of recent research and publications. One of the most common ways to reduce the
cost of Portland cement is to introduce finely ground inert mineral additives, in particular, ground
sand [1-5]. Technologically, such cement can be obtained both by joint grinding of Portland cement
clinker, dihydrate gypsum and mineral additive, and by thorough mixing of Portland cement with
ground mineral additive [6-9].
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In works [10-15] it is convincingly shown that the effect of adding mineral additives to Portland
cement is significantly enhanced in conditions of turbulent flows, which are achieved in the process
of mechanical and chemical activation of mixed cement. In our opinion, the use of high-speed mixers
for cement activation in combination with ground quartz sand and a superplasticizer will accelerate
the cement hydration processes, which will allow to abandon both thermal and wet processing and
the use of scarce rapid-setting cements.

Purpose and objectives. The above has determined the purpose of the study, which is to study
the effect of mechanochemical activation of Portland cement with the addition of ground quartz sand
(30-60 %) and superplasticizer SP-5 (0...1 %) on the compressive strength of cement stone after 3, 7
and 28 days.

Portland cement activation was carried out by intensively influencing the water-cement and
cement-sand mixture (Ssand = 350 m?/kg) in a high-speed turbulent mixer for 2 minutes. The use of a
high-speed mixer contributes to the physicochemical activation of the surface layer of both fine grains
of Portland cement and grains of ground quartz sand. The presence of activation ensures the
intensification of cement hydration processes, which is reflected in the increase in the strength of the
cement stone, especially in the early stages of hardening. The turbulent mixer is characterized by a
high speed of rotation of the working body, which is 1500 rpm.

Materials and research methods. Experimental studies were conducted using Portland cement
brand PC-1 500 of PJSC "Volyn Cement" as a binder. According to its properties, Portland cement meets
the requirements of DSTU B.V.2.7-46:201 "Cements for general construction purposes. Technical
conditions”. Cement-sand binder was obtained by thoroughly mixing Portland cement and ground quartz
sand, the consumption of which ranged from 30 to 60 % of the mass of the mixed binder. The specific
surface area of ground quartz sand was taken to be 350m?/kg. Plasticization of the mixture was carried
out using superplasticizer SP-5, the consumption of which, as noted earlier in the text, ranges from 0 to
1 % of the mass of the mixed binder.

Research results. To determine the combined effect of mechanical activation, as well as the
addition of ground quartz sand to cement and the consumption of superplasticizer SP-5 on the strength
of cement stone at the age of 3, 7 and 28 days, a 2-factor experiment was conducted. The following
were taken as independent variables: X1 — consumption of ground quartz sand (45+15) % of the mass
of the mixed binder; X2 — amount of superplasticizing additive SP-5 (0.5+0.5) % of the mass of the
mixed binder. The experimental conditions provided for obtaining for all rows of the mathematical
plan mixtures with a spread diameter of 120 mm on the Suttord device (control), Table 1.

Table 1 — Experimental plan and component costs

Consumption of cement dough
Levels of components per batch, g Spread of cement
Ne | variation portland | G ] Mixi WIS paste, mm
ortlan roun SP-5, Xing Mechanical
X0 %5 cement, g | sand, g g water, g Control activation
1| -1 -1 1400 600 0 757 0.38 122 139
2 | -1 0 1400 600 10 672 0.34 120 145
3| -1 1 1400 600 20 623 0.31 120 156
4 0 -1 1100 900 0 736 0.37 119 137
5 0 0 1100 900 10 640 0.32 120 141
6 0 1 1100 900 20 582 0.29 118 151
7 1 -1 800 1200 0 720 0.36 120 136
8 1 0 800 1200 10 617 0.31 121 140
9 1 1 800 1200 20 579 0.30 122 148
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Analysis of the experimental data given in Table 1, indicates that mechanical and chemical
activation for 2 minutes of cement-containing compositions with the addition of ground quartz sand
(45+15% of the mass of the mixed binder) contributes to an increase in the diameter of the spread of
the mixture (compared to the control) by an average of 14...21 %.

The results of the compressive strength of cement stone at 3, 7, and 28 days of age for both the
mechanically activated mixed binder and the binder that was not subjected to mechanical activation
(control) are given in Table 2.

Table 2 — Experimental design and compressive strength of cement stone at 3, 7 and 28 days of age

Levels of Reviews
Ne variation RS;, MPa R™ MPa

X1 X2 3 days 7 days 28 days 3 days 7 days 28 days
1 -1 -1 20.1 32.3 44.5 26.4 43.2 61.1
2 -1 0 24.2 36.6 51.2 335 48.2 68.2
3 -1 1 26 40.3 S57.4 36.2 54.3 75.5
4 0 -1 15.8 234 33.9 20.3 32.7 45.6
5 0 0 18.5 28.5 40.1 24.6 36.9 51.2
6 0 1 21 321 46.1 29.7 42.4 60.4
7 1 -1 12.7 211 28.8 16.4 28.4 40.2
8 1 0 15.3 23.6 33.3 211 32.3 45.1
9 1 1 171 27.0 38.1 23.9 36.1 51.4

Note: RS, — strength of cement stone on mixed binder, which was not subject to mechanical activation,
MPa R7%, — strength of cement stone on mechanically activated mixed binder, MPa.

As a result of statistical processing of experimental data, mathematical models (1...6) were
obtained, which with high probability (>0,95) reflect the influence of the studied factors on the
compressive strength of cement stone both on ordinary (non-mechanically activated) mixed binder
(2-3) and on mechanically activated mixed binder (4-6):

RS2 (MPA) = 18.8 — 4.2 X1+ 0.8 X1?
+2.6 X2— 0.6 X22 1)

RS7 (MPA) = 28.3 - 6.3 X1 + 2.2 X12 - 0.5 X1X2
+3.8 X2 0.2 X2? (2)

RT28 (MPA) =51.8 — 11.4 X1 + 4.5 X12— 0.9 X1X2
+ 6.7 X2+ 0.9 X2? 3

R™3 (MPA) = 25.7 — 5.8 X1 + 1.4 X122 — 0.6 X1 X2
+4.5 X2—0.9 X2? 4
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R™7 (MPA) = 37.1 - 8.2 X1 + 3.1 X12— 0.9 X1Xz
+4.8 X2+ 0.4 X22 (%)

R&28 (MPA) = 40.0 — 8.8 X1 + 2.2 X1? — 0.9 X1 X2
+6.1 X2 - 0.6 X22 (6)

ne: RS2, RS/, RS28— compressive strength of cement stone on a mixed binder that was not
subject to mechanical activation, MPa;

RM3 RM7 RM-28_ compressive strength of cement stone on mechanically activated mixed
binder, MPa.

Analyzing mathematical models (1...6), it should be noted that the content of ground sand in
the mixed binder has a significant impact on the strength of cement stone both on mechanically
activated mixed binder and on mixed binder that was not subjected to mechanical activation. An
increase in the amount of ground sand in the mixed binder from 30 to 60 % (mechanical activation is
absent) contributes to a decrease in the strength of cement stone from 44.5 MPa to 28.8 MPa, i.e. by
almost 35 % (superplasticizer is absent). For cement stone on mechanically activated binder, an
increase in the amount of ground sand from 30 to 60 % also causes a decrease in the strength of
cement stone, but from 61.1 to 40.2 MPa. It should be determined that in this case, mechanical activation
contributes to an increase in the strength of cement stone from 28.8 MPa (control) to 40.2 MPa, i.e. more
than 28%. The combined use of mechanical activation and 1% superplasticizer ensures the obtaining
of a compressive strength of cement stone at 28 days of age of 75.5 MPa (with 60 % ground sand in
the mixed binder), i.e. almost 24 % higher compared to the control.

Considering the influence of variable factors on the compressive strength of cement stone, it
should be noted that mechanical activation of mixed cement in combination with the use of
superplasticizer SP-5 allows changing the compressive strength of cement stone in a wide range at 3,
7 and 28 days of age.

A graphical representation of the influence of factors X1 and Xz on the strength of cement stone
at 28 days of age is shown in Fig. 1.

Table 3 and Table 4 show the values of the factors X1 and Xz, which provide the greatest
strength of the stone in the studied stone (28 days).

Analysis of the influence of the formulation factors X1 and Xz on the strength of the stone on the
binder, which was subjected to mechanical activation and non-mechanically activated binder (control)
shows that by changing the influencing factors (mechanochemical activation, consumption of ground
quartz sand and concentration of superplasticizer) it is possible to regulate the compressive strength of
the cement stone at 28 days of age in the range from 25.8 (control) to 74.5 MPa.

The experimental results obtained indicate that:

a) mechanical and chemical activation of the agqueous cement-containing composition with the
addition of ground quartz sand (45+15 %) provides an increase in the diameter of the spread of the
mixture by an average of 14...21 % (compared to the control);

b) activation of mixed Portland cement in the presence of superplasticizer SP-5 (1 %) provides an
increase in the strength of cement stone in the studied period of time (3, 7 and 28 days) on average by
2.5....2.9 times (compared to the control).
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Fig. 1. Strength of cement stone at 28 days of age in the zone of maximum and minimum depending
on the factors X1 and Xz:
a— control-mixed binder that was not subject to mechanical activation; 6 — mixed mechanically
activated binder. — zone of maximum strength; — minimum strength zone

Table 3 — Values of recipe factors X1, which are responsible for the maximum and minimum
strength (MPa) of cement stone

Mechanical activation of the binder is absent (control) at the age of 3, 7 and 28 days
of hardening
3 days 7 days 28 days
el B [ Txl R [xxn| ®
min +1 -1 12.6 +1 -1 20.7 +1 -1 25.8
max -1 +1 26.2 -1 +1 40.9 -1 +1 55.6
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Table 4 — Values of recipe factors Xz, which are responsible for the maximum and minimum
strength (MPa) of cement stone

Mechanically activated binder at 3, 7 and 28 days of hardening
3 days 7 days 28 days
x | x R%s X | x, REs x | x, RES
min +1 -1 16.5 +1 -1 28.5 +1 -1 39.9
max -1 +1 37.1 -1 +1 54.5 -1 +1 74.5

Conclusions. The combined effect of activation of Portland cement and the addition of quartz
sand with a specific surface area of 350 m?/kg in an amount of 30 to 60 % of the mass of the mixed
binder and the addition of superplasticizer SP-5 is an effective recipe-technological effect that
provides a significant increase in the compressive strength of cement stone both at an early age (3 days)
and at a more mature age (28 days). The combined use of mechanical activation and superplasticizer
SP-5 significantly eliminates the loss of strength of cement stone due to the use of ground sand
additives to cement in an amount of 30 to 60 %.
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AHoTaunif. B po3risiHyTii CTaTTi IPUBOAATHCS €KCIIEPUMEHTANIbHI PE3YJIbTATH, SIKI OB’ sI3aH1
3 BU3HAYEHHSIM BIUIMBY MEXAaHOAKTHBALii 3MIIIAHOTO MOPTIAHILEMEHTY Ta CynepriacTuikyoqol
nobaBku SP -5 Ha (i3uMKo-MeXaHI4YHI XapeKTUPUCTHKH EMEHTHOTO KaMEHIO Ha CTHCK Y BiIli 3-X,
7-u ta 28-u ni6. Takuii neMeHT oTpuMyBayv 3MilnyBaHHsM noptiaanauementy [11[-1 500 3 menennm
KBapLoBUM MickoM (S =350 u* / k2) , KiJBKICTh SKOTO KojmBanacs B Aianaszoni Bim 30 mo 60 %

B'soKy4oro. IlepcnekTUBHMM cIocoOOM MiJIBUIIEHHS MIITHOCTI IIEMEHTHOI'O KaMEHIO Ha CTHUCK €
IHTEHCHBHA MEXaHOXIMIYHA aKTHBAIlil 3MIIIAHOTO IIEMEHTY Y IIBHAKICHOMY aKTHBATOPI
TypOYJIEHTHOTO THITY 32 IPUCYTHOCTI cynepruiactTudikaTopa SP-5, BMicT IKOro 3MiHIOBAaBCS B MEXKaxX
B 0 1o 1 % macu B’shKy4oi pe4OBHHHU.

JlocmiKeHHS 3A1MCHIOBAJIH 13 3aCTOCYBaHHSAM D-0NTHMabHOTO MaTEMaTHYHOTO TUTAHYBaHHS
EKCIEpUMEHTY 3 BapilOBaHHAM HACTyMHHX (haKTOpiB: X, — BUTpaTa MEJIEHOro KBapIOBOTO IICKY

(45£15) % Big Macu KOMOIHOBAHOTO B’SDKYy4Oro marepiany; X, —KUIBKICTh CynepIuiacTudikyroudoi
nobaBku SP -5 — (0,5 iO,S) % Macu 3MIImaHoro B’spKydoro. [IpuroTyBaHHS 1IEMEHTHO-BOIHOL

CyMIIlli TTIPOBOAMIIOCS 3a JBOMa TEXHOJIOTISIMH ,a caMe: MEepIIoi — 3 BUKOPUCTAHHSIM IIBUIKICHOTO
aKTHBATOPY 3 KUIBKICTIO 00epTiB poTopy 1500 06/xB 1 apyroi , TpaaumiiHoi (KOHTpoJb). OTpruMaHi
MaTeMaTHYHI MOJeNl BKa3ylOTh Ha CYTTEBUH BIUIMB HA MIIHICTh IIEMEHTHOTO KaMEHIO SIK
peuentypHux (akropis (X1, X2), Tak i TEXHOJIOTIYHUX apaMETPiB MPOLIECY NPUTOTYBAHHS CYMIIIIi.
30Kkpema Il BiI3HAYNTH, 1110 CYMICHHIA BIJTUB MEXaHOXIMIYHOT aKTHBAIlli, BATPATH MEJICHOTO ITiCKY
Ta cynepriacudikaTopy MO3BOJISE MIABUIIUTH MIIHICTh IIEMEHTHOTO KaMEHIO B (B TOPIBHSHHI 3
KOHTpoJieM) Ha 22...41 %), 1110 Ja€ 3MOTy CYTTEBO 30UIBIIMTH YaCTKy MEJICHOTO KBapI[OBOTO MiCKY
y CKJIa/li 3MIIIIAHOTO B’SXKYYOTO SIK MiHEpaJIbHOI JOOABKH /10 LIEMEHTY .

KiiouoBi cioBa: MexaHoakTHBAIlisl, MOPTIAHIIEMEHT, CymnepruiacTudikarop, MiHepalbHA
no0aBKa, MILIHICTh HA CTUCK, ()aKTOPH BapitOBaHHS.
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HIABUINEHHA ECEKTUBHOCTI TEMIIEPATYPHOI'O PO3IIOALTY
3A JTOIHOMOTI OO0 3AKPYYEHOI'O ITIOBITPAHOI'O CTPYMEHSA
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AHotanis. EdexkTuBHEe KepyBaHHS TEIUIOBUMHM MPOLIECAMU B MOBITPSIHUX MOTOKAX € BaXKIMBOIO
YMOBOIO Ti/IBUIEHHS €HEeproe()eKTUBHOCTI BEHTWIALIWHUX 1 TEIUIOTEXHIYHUX CHUCTeM. MeToro
JIOCJIIJDKEHHS € aHaji3 MpPOLECIB 3HWKEHHS HAJJIUILIKOBOI TeMIEpaTypy B 130TEPMIYHOMY BUIBHOMY
3aKpy4€HOMY MOBITPSHOMY CTPYMEHI 3 MOJAJBIINM YJOCKOHAJICHHSAM IMiAXOMAIB /0 PEryJIIOBaHHS
TEIJIOBUX XapaKTEPUCTUK TIOTOKY. AKTYalbHICTh POOOTH 3yMOBJE€HA MOTPEOOI0 MIBUILEHHS
eHeproe(peKTUBHOCTI BEHTWIALIMHUX CUCTEM Ta TEIIOTEXHIYHOTO OOJaJHAHHS MUISIXOM ONTHMi3allii
TemrnepaTtypHux moiiB. OCHOBHE 3aBJaHHS MOJATATIO B aHAJI31 MPOIECIB TEIUIOBOTO 3racaHHS,
OOUYHMCIIEHH] BIANOBITHOTO KoedillieHTa Ta NOOYAOBI TeMmepaTypHUX Npo(uUIIB y MONEPEeUHHX
nepepizax crpymeHs. s CHpoIeHHS MaTeMaTHYHOTO OIMKCY BBEIEHO KOEQIIEHT 3aTyXaHHS
TeMIIepaTypH, 10 JO3BOJISiE OUIBII HAOYHO OLIHUTH JUHAMIKY TEIJIOBOTO PO3CIIOBaHHSA. 3AIHCHEHO
KUTbKICHE JTOCIIDKEHHSI PO3MOJIUTY OChOBHX TEMIIEparyp, MmoOymaoBaHO Tpadikd 3aJIeKHOCTEH Ta
BU3HAYCHO XapakTep 3MiH Yy PI3HUX 30HaX CTPyMEHs. 3alpoIOHOBAHO €(PEKTUBHUI cHOCIiO
OOYMCIIEHHS BITHOCHUX TEMIIEpaTypHUX 3HAa4eHb Yy JOBUIBHUX IONEpeYHUX nepepizax. Jns
BpaxyBaHHS BIUIMBY I'PaBITaLliliHOI CHJIM HAa PO3BUTOK TEPMIUHOIO IOJISI 3aCTOCOBAHO O€3p0o3MipHHIA
kputepii Apximema. TemreparypHi po3NMOAIIM B CTPyMEHI ONMUCAHO HA OCHOBI Y3arajibHEHOT
aHaMTUYHOI Mojeni, aHajoriyHoi mojeni LlImixTiHra, amanToBaHoi A0 TEIOBHUX 3aaay. PesymbraTtu
JIOCJIIJDKEHHS T10/1aHO0 Y BUIVIAI y3arajJbHEHUX IpadiuHuX 3aleXHOCTe! Ta (PopMyJ 13 TONPaBOUHUMHU
Koe(imienTaMu. BHKOHAHO 3ICTaBIEHHS EKCHEPHUMEHTAIBHUX CIOCTEPEXEHb 3 pe3yJbTaTaMu
AQHAJTITUYHOTO MOJICTIOBAHHS, IO 3aCBIAYMIO BUCOKY BIIMOBIIHICTh MK OTPUMAHUMH JaHUMH Ta
TEOPEeTUYHUMHU TependaueHHsAMU. [IpoBeeHmii aHai3 TakoXK OXOIUTIOE (popMyBaHHS TYpOYJIEHTHUX
TEIUIOBUX CTPYKTYp Y TIPOIECi OXOJOMKEHHS CTpyMeHs. [loKa3aHO MOMIIMBICTH PEryIIOBaHHS
TeMIIEpaTypHOTro MpOo(UII0 NUITXOM 3MIHU TPAaHUYHMX YMOB Ta IMOYATKOBUX MapameTpiB. OTpumani
BHUCHOBKM MOXYTh OyTH e(EeKTHBHO 3aCTOCOBAaHI Y TIPOEKTYBaHHI BEHTWIALIMHUX CHCTEM,
TETUIOTEXHIYHOTO 00J1aTHAHHS Ta EHEPreTUYHUX arperaTis, JIe KPUTUYHOIO € PIBHOMIPHICTH PO3IOILTY
TEMIIEpaTypy B TIOBITPSHOMY CEPEIOBHINI. 3a3HA4CHI PE3yJIbTATH € MIAIPYHTSIM ISl MTOJAJIBIIIOTO
JOCII/KEHHS HeNIIHIMHUX e(eKTiB Tertonepeiadi B yMOBax Jii 30BHIIIHIX 30ypeHb Ta JOMOMOXYThb
PO3pOOUTH AJITOPUTMH aBTOMATHYHOTO KEPYBAHHS MIKPOKITIMATOM y 3aMKHEHHUX IPOCTOpaXx.

KarouoBi ciioBa: aeponuHaMika, TypOyJIeHTHI TOTOKH, 3aKpYUYEHUI CTPyMiHb, TEMIIEpaTypa,
HaJJIMIIKOBA TeMIlepaTypa, Koe(ilieHT 3aTyXaHHs TeMIepaTypHu.

Beryn. ParioHanbHM po3moAll TEMIEPAaTYypHOTO MOJIS Yy BHYTPIIIHIX MPUMIIIEHHSIX €
KJIIOYOBUM  YMHHUKOM Ui (OpPMYBaHHS  CHOPUSTIMBOTO  MIKPOKJIIMATy,  MiJBUILEHHS
eHeproe(eKTUBHOCTI Ta CTaOUIbHOT poOoTH cucTeM ToBiTpooOMiHy [1]. CTtanmapTHi ciocobu moadi
TMIOBITPS HE 3aBXKAM 3a0€3Meuy0Th HEOOXiIHY OJHOPIJHICTh TEMIIEPATYPHOTO CEPEeIOBHIIIA, 110 MOXE
CIPUYMHUTHA BUHUKHEHHS TEPMIYHUX 3aCTIMHUX 30H 00 HEPIBHOMIPHICTh TETIOBUX MOTOKIB [2].

OpHUM 13 TIEPCIEKTUBHUX PILICHb € 3aCTOCYBAaHHS 3aKPYUYECHUX MOBITPSIHUX CTPYMEHIB, SIKi
XapaKTEePU3YIOThCS IMMIJIBUICHUM CTYIIEHEM TEPEeMIlllyBaHHs Ta CTAaOUIBHIIIMM MOIIMPESHHIM
TETJIOBOTO HAaBaHTaKEHHS B 00'eMi mpumimieHHs. Taki CTpyMeHI IEMOHCTPYIOTh 30epeKeHHS
TEMITEpaTypPHOT'O HAUIMINKY Ha OLIBIIMX BIJCTAHIX Ta CHPHUSIIOTH PIBHOMIPHOMY PO3IOALTY TEIuia
[3, 4]. V¥ 3B’s3ky 3 1M OCOOJIHMBOrO 3HA4YEHHS HaOyBa€ JOCIHIPKEHHS 130TEPMIYHOTO BUIBHOTO
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3aKPYUYEHOTO MOBITPSHOTO CTPYMEHSI sIK 00’ €KTa, 110 JTI03BOJISIE POSKPUTH OCOOIMBOCTI (POPMYBaHHS
i pO3BUTKY TEMIIEPATyPHOTO IOJISl Y IOBITPSIHOMY CEpeIOBHILI.

AHaJi3 ocTaHHIX AoCHiKeHb Ta myOsikauii. Y mociimkeHHi [S] mpoaHami30BaHO BIUIMB
reoMeTpii BEHTWIILIHHOTO OTBOPY Ta PEXHMY IOJayi NPUIUIMBHOTO TMOBITPS Ha (hopMyBaHHS
CTPYKTYPH INOBITPSHOIO CTpyMeHs.. ABTOPH 30CEpEIWIN yBary Ha PI3HOBHUIAX HMOTOKIB — IUIOCKHX,
OCECHMETPUYHHUX 1 3aKpyUeHHX — SIKI BUHUKAIOTh 3QJISKHO BiJl KOH]Iryparii comia ta yMOB Mojadi
HOBITPSl, OJHAK, HE PO3MVITHYTO TEIJIOBI OCOOIMBOCTI 3aKpy4E€HOrO CTPYMEHsS Ta Ipolec Horo
TEMIIEPAaTypHOTO 3aTyXaHHs. Y poOOTi [6] pO3IIISIHYTO BIUIMB HABKOJUIIHIX MOBEPXOHb HA PEXKHUM
PO3BUTKY MOBITPSHOI'O CTPYMEHsI. Y CTAaHOBJIEHO, 0 32 BIICYTHOCTI NEPEIIKO]l MOTIK € BUIbHUM, a y
BUTIAJIKy B3a€MOJIIi 3 TBEPAMMH MeXaMu — oOMekeHMM. lle mMae cyTTeBe 3HAYCHHS A OIIHKH
TEIUIOBUX Ta A€POJMHAMIYHUX XapaKTEPUCTUK CTPYMEHd, ajle y poOOTI HE MOAAHO aHAIITHUYHOIO
OITUCY TEMIIEPaTypHOTrO MOJA Y BUIBHOMY 3aKpy4e€HOMY CTpyMeHi. Y craTti [7] mpoaHali30BaHO
KiIacudikaiilo CTpyMEHIB 3a TEMIIEPaTypHUM DPEKUMOM. 30KpeMa, HAroJIOIIeHO Ha BaXKIIMBOCTI
PO3MEXYBaHHS MIX 130TEpPMIYHUMH Ta HEI30TePMIYHMMHU TIOTOKAMH, MO JIO3BOJSE TOYHIIIE
nepe0avyaT iXHIO MOBEIIHKY B pealbHUX YMOBaX eKcIulyaralii BeHTHIALIHHUX cucteM. OnHak, He
MOJAHO MATEeMaTHYHOTO OIUCY TEMIIEPAaTypHOrO 3aTyXaHHS Ta pO3MOJUTy TeMIeparypu B
130TEpMIYHOMY 3aKpy4Y€HOMY TIOTOI. Y JOCHi/pKeHHI [8] BHM3HAUEHO KIIIOYOBY pOJIb YHCIIA
Peitnonbca anst kinacudikanii pexuMiB pyxy mnoBitps. HaBemeno kputuuHi 3HaueHHs Re, mo
JI03BOJISIFOTE  PO3MEXKYBAaTH JIaMiHApHI W TypOYJEHTHI PEXHMMH, a TaKOXK IPOAHANII30BAHO BIUIMB
TypOYJIEHTHOCTI Ha IHTEHCHUBHICTH TEIUIOBOr0 oOMiHy. IlpoTe, HEe PO3IJISIHYTO NETATbHO MEXaHi3MH
(hopMyBaHHS TypOYJICHTHUX TEIUIOBUX CTPYKTYP Y 3aKpy4EHOMY CTpyMeHi. Y po0oTi [9] po3risHyTO
(dhopMyBaHHS s7[pa CTPYMEHS, B IKOMY 30€piraroTbCsl TIOYAaTKOBI MMapaMETPH MOTOKY. 3alpOIIOHOBAHO
METOJIMKY BU3HAYEHHS 30HM MOUIMPEHHS TEMIIEPAaTyPHOIO BIUIMBY LUIAXOM MOOYZOBH 30BHILIHBOTO
KOHTYpY CTpYMEHsS uepe3 T€OMETPUYHY IpPHB’S3KY /O OCi CHMETpil, aje He BpaxoBaHO BIUIMB
rpaBITAllifHUX CHJI Ha Po3MOAUT Temnepatypu. Y crarti [10] mpoaHamizoBaHO TEIUIOBI MPOIECH B
MIOYATKOBIH 30HI HEI30TEPMIUYHOTO CTPYMEHSA. ABTOpH MiJKPECIIOIOTh HAsBHICTh TEIJIOBOTO
3aTyXaHHS B3J0BXK OCl CUMETpii Ta 3HaYHy IHTEHCHUBHICTb TEIUIOOOMIHY 13 30BHILIHIM CEpPEIOBHILIEM,
10 BH3HAuae crenudiky pO3BUTKY CTpPyMEHs Ha paHHIX eTamax #oro nommupeHHs. [Ipote He
3allpONOHOBAaHO (HOpMANILHOTO KOe(illieHTa TEMIIEpaTypHOIo 3aTyXaHHs Ta HE MOJAaHO y3arajibHEHOi
AHATITUYHOT MOJIEN JUIsl ONIMCY TEMIIEPaTypHOTO MOJIS.

TakuM 9WHOM, OTJIS]T CyYacHOT JTITepaTypy 3aCBiJYNB KOMIUIEKCHE BUBYCHHS T€OMETPUIHUX,
TIPpOJMHAMIYHUX 1 TEIUIOBUX XapaKTePUCTUK TMOBITPAHUX CTpyMeHiB. [Ipore xomgHa 3
MpoaHaIi30BaHUX poOIT HE 30cepeKeHa Ha KUIbKICHOMY OIMHMCI POLECIB 3aTyXaHHs TeMIepaTypu
caMme B 130T€pMIYHOMY BIJIBHOMY 3aKpYYEHOMY CTPYMEHi 3 ypaxyBaHHSIM KPHUTEpiiB MMOIIOHOCTI Ta
KopekmiitHux koediieHTi. Lle 1 BU3HaUae akTyanbHICTh TPOBEACHHS HAIIOTO JTOCIIIKEHHS.

Mera Ta 3aBaaHHsi. IlpenMeroM I[bOTO JOCTIDKEHHS € 3aKOHOMIPHOCTI PpO3IMOILTY
TeMIIEpaTypyd Ta OCOOJMBOCTI 3racaHHs TEIUIOBHX XapaKTEPUCTUK B MEXKaxX BKa3aHOTO MOTOKY.
Mertoto poOOTH € aHaJli3 MPOCTOPOBOI AUMHAMIKU TEMIIEPATYPU B 3aKPYUEHOMY CTPYMEHI 3 MOJaJIbIINM
YAOCKOHAJIEHHSIM METOANYHMX MIJXO/IIB 10 PETYJIIOBAHHS TEIJIOBUX MAapaMeTPiB MOBITPSHUX CUCTEM.

Jlnist 1oCsITHEHHSI TOCTABJICHOT METH BU3HAYEHO TaKi OCHOBHI 3aBIAaHHS JAOCIIKEHHS:

1. IlpoBectu aHani3 ¢GopMyBaHHS TEMIIEPATYpHOTO MOJSI B 130TEPMIYHOMY 3aKpy4EHOMY
CTPYMEHI.

2. BU3HaUnTH aHAIITHYHY 3aJI€KHICTB IS OIHCY TPOIIECY TEIUIOBOTO 3racaHHs.

3. BBectu KkoedilieHT 3aTyXaHHS TEMIIEpaTypd SK Yy3arajibHIOIOUWN mapameTp Juis
OIIIHIOBaHHS JUHAMIKH PO3CIFOBaHHS TEILIA.

4. TlobynyBaTu TeMmepaTypHi Hpodisi y MONMepeyHHX Iepepizax CTpyMeHs Ta JOCHIIIUTH
iXHIO 3MIHY B3JIOBX OCI.

5. 3acrocyBatn 0Oe3po3mipHi Kputepii (30kpema Apximena) ais BpaxyBaHHS BIUIMBY
rpaBiTallii Ha po3MO/ LT TEMIIEPATYyPH.

6. [lopiBHATH OTpUMaHI aHATITUYHI PE3yJbTATH 3 €KCIIEPUMEHTAILHUMH CIIOCTEPEKECHHIMU
JUTSL I ATBEPKEHHS TOCTOBIPHOCTI MOJIEITI.

AHaJi3 TeIUIOBUX BJIACTUBOCTEH 3aKpyYEHHX MOTOKIB JIO3BOJISIE TIIMOIIE OCMUCIUTH MEXaHI3MHU
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ix (opMyBaHHS, 110, Y CBOIO Yepry, CTBOPIOE MEPETYMOBU Ui BIIOCKOHAJICHHS METO/IB KepyBaHHS
TEIJIOBUMH mporiecamMu. lle Mae BaxiMBe 3HAYCHHS I TPOEKTYBaHHS €(DEKTUBHHUX CHCTEM
BEHTWIALlT, KOHJMIIIOHYBAaHHS Ta TEIUIOTEXHIYHOTO OOJaTHAHHA B TPOMMCIOBHUX 1 TPOMAACHKHX
Oy miBIISIX.

Marepiasu Ta MeToaMKA JOCTIIKeHHA. 3aJICKHO BiJl BEIIMYMHH KpuTepito Apximena Aro
MPUILTUBHI TOBITPsIHI CTpyMEH1 KJIacu(iKyloTh SK c1ab0 HEi30TepMiyHi, SIKIIO TPpaBiTalliiHUI BIUIUB
Ha HUX HE3HAYHMIA, Ta HE130TepMiuHi, SAKILO TeMIIepaTypa ICTOTHO BILUTUBAE Ha iXHIO TpaekTopito [11].

SAx Bigomo [12], Ansg TOPHU3OHTANBHUX CTPYMEHIB 13 MaJOI0 TEMIIEPATYypHOIO PI3HHUIICIO
(cmabo Hei30TepMivHI) HaUIMIIIKOBA TEMIIEpAaTypa BU3HAYAEThes 3a (hopmyioro (1):

N
A tx = ; y (1)
Ie X — KOOpJIWHATa B3JOBX Oci cTpymens, a N — y3araJdbHEHHUU TEIUIOBUH NapaMerp, II0

pO3paxoByeThCs 3a 3anekHicTio [13]:
T 1
N:%_j: /T_S.G.Ato. IF, )

JIe 00 — KyT PO3IIUPEHHsI cTpyMeHs (mpuitHsaTo o = 12°25', Bignosiano tgo = 0.22); & =1 — xoedimieHT
MicueBoro omnopy; T, — abcoiroTHa TeMmIeparypa IMOBITps Ha BUXoAl 3 Hacaiku, K; Fo — muioma
nepepisy Hacajku, M%; Ato — HOYaTKOBA HAUTMIIKOBA TeMreparypa, °C.

[TouaTKOBa Ha UTMIIIKOBA TEMIIEpATypa po3paxoByeThes 3a hopmysioro (3) [13]:

Ato=T, - T,. 3)

3 MeTow onTUMi3zalii pO3paxyHKIB BBOJUTHCA O€3pO3MIpHUN KOE(PILI€HT 3aTyXaHHS

temmepatypu n [13]:
_os [T, 1

- =, 4
n tga TO L{/E ( )

Jie BCi MO3HAYEHHSI BiJNIOBIAIOTh TIONIEPEIHHOMY BHpa3y. BpaxoByroun 11e, MoI0BXHE 3MEHIICHHS
HaJUTMIIKOBOI TeMIIEpaTypy Ha TIEBHIH BiJCTaHi X mpeacTasieHo y Burisimi (5):

VFO
At, =n-At, - . (5)
X

OTpumaHi 3aJ€XHOCTI JO3BOJISIOTH KUIBKICHO OIKCATH 3aKOHOMIPHOCTI OXOJIOKCHHS
CTpYMEHsl Ta BpaxyBaTH BIUIUB I'€OMETPUYHHUX 1 TEIUIOBHX IApaMeTpiB Ha MPOLEC MOIIUPEHHS
TEMIEPATypPHOTO MOJIs B MOBITpsiHOMY noTtol [14].

Ha Oyap-sikiii miomuHi nepepisy, po3TalloBaHiii Ha KOOPAMHATI X, BEIMYMHA HAJIUIIKOBOL
temneparypu At, = t, — t, Ha BIACTaHl Y B1Jl OCl CTPYMEHS BH3HAYAETHCS 32 MOJU(DIKOBAHOIO
dopmyioro Teitnopa [14]:

—2
At =At, -exp(— 0,70,y ) (6)
ne ot — gucio [Ipanamist mist TypOyJIeHTHOTO TEIII0O00MiHY, IO /TSI KOMITAKTHUX CTPYMEHIB 3a3BHYai
3MiHIOEThCS B Mexkax 0.65-0.7; y = y/(cx) — BiiHOCHA moriepedHa koopauHata; ¢ = 0.28 — emmipuuHa

KOHCTaHTa, OTPUMaHa 3a EKCIEePUMEHTAIbHUMHU JaHWMH, y Ta X — BIJINOBIHO TMONEpeyHa Ta
TIO3/IOBXKHSI KOOPANHATH, M.

VY Oynp-siKOMy IOTIEpeYyHOMY Mepepi3i (KoOpArHaTa «X») Ta Ha MEBHIN BiACTaHI «y» BiJ OCi,
TeMriepaTypa Aly 009HCITIOETHCS 3 ypaxyBaHHSAM MPOQ1TI0 PO3MOALTY 33 3aKOHOM:

1,572

At =t|1-| L] | )
Yo

VYV mpakTulll aHajizy TeMIepaTypHHUX TIOJIB CTPYMEHS JOIIILHO 3aCTOCOBYBAaTH HOPMOBAaHI
SHAYCHHA TCMIICPATYPHOT' O NICPCBUILICHHA K Y IMO3J0BXXHBOMY HAIIPAMKY:

At =At /AL, (8)
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TakK 1 B TIOTIEPEYHOMY:
Aty =At, /At,. 9)
L1i Ge3po3MipHi BEIWYMHU JO3BOJSIOTH YHI()IKyBaTH aHaji3 TEMIEPAaTYpPHOTO PO3MOMALITY
B3/I0BX 1 ITOTIEPEK OCi CTPYMEHS JIJIsl PI3HUX T€OMETPUYHHUX Ta TEMIIepaTypHUX yMoB [15].
CepenHsi BIIHOCHa OChOBa Ta TMOMNEpeYHa HAIUIIKOBA TemrepaTrypa (BiamoBigHO (8)(9))

OIMUCYIOTHCSA 3a JOIIOMOTO0 TEMIIEpaTypHUX BigHocHUX Koedimientis (10), [15]:

Aty :ﬂ , (10)

ne a = 0,078, 6e3po3mipHa eKcneprMeHTaIbHa KOHCTaHTa; d. — €KBIBAJICHTHHH JllaMETp OTBOPY
HACAJKH, M.

Yucno Apximena Aro 1o XapakTepu3ye OalaHc MDK TIpaBiTaliiHUMU Ta I1HEPUINHUMU
edekTaMu B CTPyMEHI, BU3Ha4a€eThes 3a [15]:

AT, = —g‘@ el (11)

to-T,

ne g = 9.81 m/s?;, Fo — moma Buxoxy Hacaaku (M2); Ato = to - t, — Hagumkosa Temneparypa (°C);
T: — Temnepatypa nositps B npumimensi (K); to — Temneparypa nositps B crpymeni (°C).

PesyabTaTH gociimkenb. J[ng BuMipioBaHb OyJ0 BHUKOPHUCTAHO TEPMOEIEKTPUUHUN

anemometp  testo-405. IlowatkoBe 3HaueHHs  Temmeparypu to. OyJlo  BCTaHOBJIEHO

eKCIIePUMEHTAIbHO. 3HAUYCHHs X; BapitoBanu B Mexkax 0.7-2.2. TemmeparypHi po3nominu ty y

MONIEPEYHOMY HAIpPsIMKY OyJi0 po3paxoBaHo 3a ¢opmydoro (10), micis yoro modyaoBaHo rpadiku
3aleXkHOCTI ty = f(X), e X = X/,/F0 .

Pesynbratu Ha puc. 1 106pe y3ro/Kyt0Thes 3 TEOPETUUHUMHU PO3PaXyHKAMH.

A, /N

0.75

0.5

N\
0.25 N
T

025 05 075 1 X

Puc. 1. 3anexxHicTh BIIHOCHOI OCHOBOT HA/IJTUIIKOBOI TEMIIEPATypH BiJl BIAHOCHOI MO3/I0BXKHbBOT
KOOpJMHATH

OTxe, BHACIIJJOK BUKOHAHOI POOOTH MOXHa C(OPMYIIOBaTH TaKi HAyKOBY HOBHU3HY Ta
MPaKTUYHY 3HAUYIIICTh PE3yJIbTATIB JOCIIIKEHHSI.

HaykoBa HOBHM3HA OTpHUMaHUX pe3yJbTATiB JOCIIKEHHS MOJIATae€ B TOMY, IO BOEpILE s
130TEpMIYHOTO BIJIBHOTO 3aKPY4YEHOTO TOBITPSIHOTO CTPYMEHS BBEICHO Yy3arajlbHEHHUH Koe]ilieHT
TEIUTOBOTO 3aTyXaHHs, SKHK 3a0e3meuye CIpOICHE aHAIITHYHE TPEJCTABICHHS TPOIIECIB
po3citoBanHs Temriepatypu. [1o0ymoBano TemmnepatypHi mpodini y JOBUILHUX MOMEPEYHUX Tepepizax
3 BHKOPUCTAHHAM aNpOKCUMYIOUMX (YHKIIH, 0 JO03BOJHMJIO YTOUHHTH HPOCTOPOBY CTPYKTYPY
TEPMIYHOTO TIOJs. YpaxyBaHHs 0€3p03MIpHOTO KPUTEPito ApXiMena Jajio 3MOTY PO3IIMPHUTH 1CHYIOU1
MO/IENi OTMUCY TETUIOOOMIHY Y BUTBHHX CTPYMEHSX 3a PaXyHOK BpaxyBaHHS IpaBITAIllfHUX €EKTiB.

106 ISSN 2786-6696 Modern construction and architecture, 2025, no. 14, page 103-109



UTILITY NETWORKS AND FACILITIES

[IpakTu4yHa 3HAYYIIICTH PE3YJIbTATIB IOCIIIKEHHS MOJSATa€ B MOMJIMBOCTI BUKOPUCTAHHS
OTPUMAaHUX 3aJICKHOCTEH Ta KOE(ILIEHTIB /Ul IHKEHEPHOTO PO3PAaXyHKY TEIUIOBUX XapaKTEPUCTHK
BEHTWIALIMHUX  CHUCTE€M, TEIUIOTEXHIYHOro OOJIalHAaHHS Ta EHEPreTMYHMX  YCTaHOBOK.
3anpornoHoBaHi MOJIEII JO3BOJISIOTH 3a3/1aJIeTiib MPOTHO3YBATH PO3IOALT TEMIIEpaTypH MOBITPS B
MpUMIIIeHHI, 3a0e3medyoun e()eKTUBHIIIEe MPOEKTYBAHHS CHCTEM MIKPOKIIMATy 3 ypaxXyBaHHSIM
PIBHOMIPHOCTI TeMIEpaTypPHOTO MOJIs Ta €HEProe()eKTUBHOCTI.

BucHoBKkM. 3a pe3yibTaTaMyd TPOBEICHOTO JOCHIIKEHHS MOXKHa C(HOpPMYIIOBATH TakKi
OCHOBHI BUCHOBKH:

1. Otpumani pe3ynbTaTH CHPHUSIOTh YJAOCKOHAJIEHHIO TMIAXOIB A0 aHami3y TEeIMIOBUX
XapaKTEPUCTHUK MOBITPSHUX MMOTOKIB 1 € HEOOX1AHUMHU MPH MPOEKTYBAHHI BEHTUISILIITHUX CUCTEM.

2. BcTaHOBIIEHO XapakTep pPO3IMOALTY BIJHOCHOI OCHOBOI HA/JIMIIKOBOI TEMIIEpaTypH B
MOBITPSHOMY 3aKpy4€HOMY CTPYMEHI.

3. Bu3HaueHo 3aKOHOMIPHOCTI 3MiHH BiIHOCHOT OCHOBOT HaUTHILIKOBOI TEMIIEpAaTypH B3JIOBXK OCI.

4. TlpoBeneHe TMOPIBHAHHSA EKCIEPUMEHTAIBHUX JAaHMX 13 pe3yjibTaTaMHd aHATITUYHOTO
MOJIETIOBaHHS IIITBEPUKY€E HAAIHHICTD 3aIIPOIIOHOBAHOIO MATEMaTUYHOI'O OMHUCY Ta JOLUIBHICTh HOTo
BUKOPHUCTAHHS y NPAKTUYHHUX 3aCTOCYBAaHHSIX, 30KpeMa B TEIUIOTEXHIL, BEHTWIALIT Ta €HEPreTHIIL.
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IMPROVING TEMPERATURE DISTRIBUTION EFFICIENCY
USING A SWIRLING AIR JET
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Abstract. Effective control of thermal processes in air flows is an important condition for
improving the energy efficiency of ventilation and heat engineering systems. The aim of the study is to
analyze the processes of reducing excess temperature in an isothermal free swirling air jet, followed by
the improvement of approaches to regulating the thermal characteristics of the flow. The relevance of
the work is determined by the need to enhance the energy efficiency of ventilation systems and heat
engineering equipment through the optimization of temperature fields. The main task consisted in
analyzing the processes of thermal decay, calculating the corresponding coefficient, and constructing
temperature profiles in cross-sections of the jet. To simplify the mathematical description, a
temperature attenuation coefficient was introduced, which makes it possible to more clearly assess the
dynamics of heat dissipation. A quantitative study of axial temperature distribution was carried out,
dependence graphs were constructed, and the nature of changes in different jet zones was determined.
An efficient method for calculating relative temperature values in arbitrary cross-sections was
proposed. To account for the influence of gravitational forces on the development of the thermal field,
the dimensionless Archimedes number was applied. The temperature distributions in the jet were
described on the basis of a generalized analytical model similar to the Schlichting model, adapted to
thermal problems. The results of the study are presented in the form of generalized graphical
dependencies and formulas with correction coefficients. A comparison of experimental observations
with analytical modeling results demonstrated a high degree of agreement between the obtained data
and theoretical predictions. The analysis also covers the formation of turbulent thermal structures
during jet cooling. The possibility of regulating the temperature profile by changing boundary
conditions and initial parameters is shown. The obtained conclusions can be effectively applied in the
design of ventilation systems, heat engineering equipment, and energy units, where the uniformity of
temperature distribution in the air environment is critical. The presented results provide a foundation
for further research on nonlinear heat transfer effects under external disturbances and will contribute to
the development of algorithms for automatic microclimate control in enclosed spaces.

Keywords: aerodynamics, turbulent flows, swirling jet, temperature, excess temperature,
temperature attenuation coefficient.
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Abstract. This paper explores the problem of ensuring the autonomy and fault tolerance of
intelligent control systems used in construction process management under conditions of external
risks, such as power outages, loss of network connectivity, or cyber-attacks. As artificial intelligence
(Al) becomes increasingly involved in construction scheduling, monitoring, and resource
coordination, there is a pressing need to develop system architecture capable of maintaining critical
functionality under infrastructure failures. The main objective of this research is to design and
formalize a model of an autonomous Al-driven system that can operate independently from
centralized infrastructure and seamlessly transition to fallback control logic when needed.

The methodology combines system architecture analysis, the use of UML diagrams (use case,
component, and state diagrams) to model functional logic and interactions, risk scenario modeling
using failure analysis techniques, and a comparative evaluation of centralized and edge-based
computing approaches. The proposed three-layer architecture (physical, computational, and
communication) is centered on a local edge server. This server hosts Al modules, handles anomaly
detection, power switching, and provides decision-making capacity independently of cloud services.

The results demonstrate that the implementation of a hybrid autonomous control system
significantly enhances the resilience of construction operations. The edge-based architecture
outperforms centralized models in response time, offline operability, and stability in unstable
environment. A comparative analysis shows that the deployment of such a system may increase initial
costs by 5-10%, yet these costs are justified by a substantial reduction in risk of downtime, delays,
and data loss.

The proposed system is particularly suitable for construction sites operating in constrained or high-
risk conditions, including strategic infrastructure projects or military-affected zones. Future research
should focus on optimizing Al algorithms for offline operation, developing industry-wide integration
protocols, and validating the proposed model through real-life implementation in pilot projects.

Keywords: artificial intelligence, construction management, autonomous systems, edge
computing, fault tolerance, system architecture, risk modeling, digital twins, UML diagrams.

Introduction. Modern construction enterprises are increasingly implementing artificial
intelligence (Al) technologies to automate processes of planning, monitoring, equipment and resource
management. In this paper, the term “system architecture” refers to the structural and logical
organization of an intelligent management system. However, most of these systems operate
dependent on external energy sources, internet connectivity, or cloud data processing, making them
vulnerable to failures, cyber-attacks, or energy crises. Under conditions of hybrid threats and
instability, it is essential to develop backup infrastructure and algorithms for rapid switching to
alternative control systems that ensure continuity of construction [1-4].
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Problem statement. Despite significant progress in the implementation of artificial intelligence
in construction, the issues of autonomy and resilience of such systems remain insufficiently addressed
in the scientific and applied literature [3, 5-7]. The structure of an intelligent construction
management system capable of functioning under conditions of complete loss of external resources
(electricity, internet, cloud infrastructure) remains an open question. Another challenge is
determining the architecture of a backup parallel system should look like.

Despite considerable advances in the use of information modeling and automation of
construction processes, the problem of insufficient integration of real-time risk management systems
persists.

The expected technical and economic effect of developing an autonomous intelligent
management system includes:

« reduction of construction process duration through event-driven management;

« decrease of avoidable costs (equipment downtime, delays due to weather or organizational
factors);

 improvement of resource planning accuracy and scheduling.

The potential scope of application covers: residential and commercial construction projects
employing BIM technologies; infrastructure projects implemented in high-risk conditions (e.g.,
military or recovery projects); public procurement, where transparent and digitally supported
management systems are required.

Thus, the creation of architecture for an autonomous intelligent management system has not
only scientific novelty but also significant socio-economic potential.

However, it should be noted that such a system can operate only under conditions of sufficiently
advanced adoption of modern digital technologies. At present, this also remains a challenge for the
construction industry in Ukraine.

Analysis of Recent Research and Publications. At present, research in the field of
construction automation is primarily focused on the implementation of BIM + Al; schedule and
resource management through ML models; digital twins of processes; and improving the energy
efficiency of construction sites. However, backup parallel architectures and system-switching
algorithms for Al under threat conditions remain almost unexplored, especially in the context of
construction in regions with unstable infrastructure [8-11].

Article [12] presents the concept of a decentralized autonomous construction management
system that integrates digital twins, large language models, and decentralized autonomous
organizations to create self-managed buildings. Study [13] is devoted to analyzing the potential of
artificial intelligence in construction, emphasizing the importance of transparency and trust in
intelligent systems within the industry.

A systematic review [14] highlights the application of Al across all stages of the construction
project life cycle, with particular focus on risk management and decision-making. Article [15]
explores the issue of trust in artificial intelligence and robotics in architecture, engineering, and
construction, underlining the necessity of developing reliable systems that are beneficial throughout
all phases of project implementation.

Work [16] provides a comprehensive review of risk management research in construction, with
an emphasis on integrating information and communication technologies and Al to enhance risk
management practices.

Despite significant progress in the implementation of Al and autonomous systems in
construction, several unresolved issues remain:

1. Integration of decentralized management systems. The application of decentralized
autonomous organizations in construction for improving flexibility and resilience of management
systems remains insufficiently studied.

2. Explainability and trust in Al. There is a need to develop transparent Al algorithms that
ensure decision-making processes are understandable to users and stakeholders.

3. Risk management under external influences. Adaptive systems must be created to respond
promptly to external threats such as natural disasters or cyber-attacks.
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4. Standardization and regulation. The absence of unified standards and regulations for the
implementation of autonomous intelligent systems in construction complicates their widespread
adoption.

Aim and Objectives of the Article. The aim of this study is to develop a conceptual
architecture of an autonomous and fault-tolerant intelligent management system for construction
processes, including a description of functional modules, scenarios of switching to backup control,
and an analysis of the impact on project economics.

The main research objectives are as follows:

1. To analyze current approaches to the development of intelligent management systems in
construction, considering external risks (power outages, loss of connectivity, cyber threats, etc.).

2. To design a functional system architecture that includes key modules: Al core, energy control
units, anomaly detection, fallback controller, and user interface.

3. To formalize the system’s operational logic using UML diagrams — use case, component,
and state diagrams — for modeling behavior under both normal and emergency conditions.

4. To conduct a scenario-based analysis of switching to backup control, considering typical
risks and activation criteria for autonomous mode.

5. To perform a comparative analysis of centralized and edge-based architectures in terms of
technical, operational, and economic indicators.

6. To evaluate the economic feasibility of implementing a backup autonomous architecture
within a construction project, taking into account potential losses, downtime, and infrastructure costs.

Materials and Research Methodology. The research methodology is based on an
interdisciplinary approach that combines systems analysis, engineering modeling, and elements of
software architecture, risk analysis, and economic evaluation. The main tools applied include:

« UML diagrams: in particular, Use Case, Component, and State diagrams, which are employed
to formalize the functional architecture of the Autonomous Intelligent Control System (AICS).

« Architectural modeling: analysis of centralized and decentralized (edge-based) control
structures, with the development of a three-layer model (physical, computational, and communication
levels).

« Scenario modeling: development of scenarios of critical external impacts (power outage,
cyber-attack, loss of connectivity), accompanied by the design of an algorithm for emergency
switching to a Reserve Hybrid Control System (RHCS).

« Fault-tolerance analysis methods: assessment of system response time, identification of
bottlenecks, and determination of minimum technical requirements to ensure autonomous operation.

« Techno-economic feasibility tools (TEF): analysis of the costs of implementing backup
infrastructure and its impact on the overall efficiency of the construction process.

The research foundation consists of:

e results of the authors’ previous publications highlighting organizational and technical aspects
of Al applications in construction;

e data on edge-server configurations, backup power sources (UPS, generators), and sensor
infrastructure;

« practical case studies from construction management under limited infrastructure conditions
(including during armed conflict);

« existing open libraries of predictive models for machine learning (ML) and computer vision
(CV), adapted for autonomous execution on edge devices.

Thus, the chosen methodology makes it possible not only to simulate the system’s behavior
under stress conditions but also to propose practical architectural solutions capable of ensuring the
resilience of construction processes under external threats.

Research Results. In critical infrastructures such as a construction enterprise partially managed
by artificial intelligence, emergency response scenarios and backup control channels must be strictly
regulated. Below, we present the concept of a parallel (backup) system to Al and the algorithm for
switching to it in the event of power failures. This system is referred to as the “Reserve Hybrid
Control System (RHCS) ”.
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Its primary purpose is to ensure continuity of critical construction processes in the event of Al
system failure. The system requires a set of essential components for its operation (Fig. 1).

Consider a scenario that may occur during construction operations. Concrete works are in
progress on a construction site. During the process, power supply is lost, and the primary Al system
stops functioning. Immediately after this: the UPS is activated; a signal is sent to the smartphones of
on-duty engineers; the backup control system is launched; the operator receives a notification and
connects to the console; in manual mode, the operator activates concrete mixers and initiates concrete
supply via the local controller. Figure 2 illustrates the proposed algorithm of emergency switching to
the RHCS (with a conditional trigger: loss of main power supply / Al system failure).

For the operation of such an autonomous system, the following recommendations can be
proposed: the presence of a regulation clearly defining responsibilities in case of an emergency;
monthly testing of the switchover to the backup system; storing the latest version of the working plan
offline; and training personnel to work with the RHCS.

To ensure that an artificial intelligence system within a construction enterprise operates
autonomously — thus minimizing dependency on external factors such as electricity, communication
networks, or cloud access — it is necessary to implement a resilient autonomy architecture.

An equally important aspect of the proposed architecture is its economic feasibility. Practical
calculations and results of international studies demonstrate that investments in digital infrastructure
at a level of approximately 5% of the estimated project cost can yield proportional or even greater
reductions in indirect expenditures. These savings primarily stem from reducing losses associated
with documentation inconsistencies, rework, delays in managerial decision-making, and inefficient
use of resources. In the case of large-scale residential or infrastructure projects, the potential
economic impact may reach tens of millions of hryvnias, which confirms the rationale for the phased
implementation of intelligent management systems in construction practice.

el ocal server with a
minimal core
(performs essential
Al functions under
constrained
resources)

eEmergency Reserve
protqcols for manu?l Hybrid eAutonomous local
equipment contro C
- ontrol database (last
(via control panels synchroniza(ltion)
or mobile System
applications) (RHCS)

eHuman control

interface (on-duty
operator or team of
duty engineers)

Fig. 1. Components of the Reserve Hybrid Control System (RHCS)
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[1] Detection of connection loss with the
central Al system (=30 sec)

'

[2] Automatic notification of on-duty
personnel (SMS + push notification in the
application)

ﬁ

[3] The RHCS is activated. Backup power

supply (UPS, generators) is connected. The

backup copy of the plan (latest saved state)
15 loaded

ﬁ

[4] Svstem status check. If stable: switch to
local automatic mode. If unstable: inifiate
manual conirol protocol

ﬁ

[5] A responsible engineer from the team is
assigned (manual authentication)

ﬁ

[6] Restoration of critical processes
manually or in a limited avtomatic mode

ﬁ

[7] Logging of all actions for subsequent
analysis

Fig. 2. Algorithm of emergency transition to RHCS (trigger condition: loss of main power supply /
Al system failure)

At the same time, it is important to emphasize that a fallback scenario based on a complete
reversion to manual management relying solely on construction specialists cannot be considered an
effective alternative. This limitation is explained by the high complexity of modern projects, the
multichannel nature of information flows, and the dynamic character of external factors (climatic,
economic, regulatory). Under such conditions, manual control does not provide the required speed of
reaction, transparency of decision-making, or adequate risk forecasting. Therefore, the backup
approach should not mean abandoning digitalization, but rather the development of hybrid models
that combine partial expert involvement for Al decision verification with automated processes,
thereby integrating technological efficiency with human expertise.

Considering the presented response algorithm, it is reasonable to highlight the key technical
solutions that form the foundation of the autonomy architecture of the intelligent system. A summary
of these solutions is provided in Table 1.
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Table 1 — Technical solutions for enhancing the autonomy of Al-based construction systems

Technical Solution

Explanation

1. Local computational infrastructure

Deployment of edge servers (on-site computing units
with Al cores independent of the Internet)

Storage of critical models and datasets directly at the
construction site

2. Intelligent backup power supply

High-capacity uninterruptible power supply (UPS)
systems with batteries providing at least 6-12 hours of
autonomy

Hybrid energy supply: solar panels + diesel generators
+ batteries

Smart energy consumption monitoring and control

3. Modular Al system architecture

Separation into independent functional modules (e.g.,
equipment control, safety monitoring, scheduling)
capable of operating autonomously in the event of
partial system failure

4. Offline model duplicates

Copies of machine learning models and decision
scenarios functioning without cloud connectivity

Local updates applied with a delay via flash memory
or internal secured networks.

5. Resilient communication

Deployment of a local private LTE/5G network, radio
communication, or mesh networks to minimize
dependence on external providers

To assess the feasibility of implementing the proposed technical solutions, an approximate
calculation of additional costs for their integration into a typical construction project was performed.

The results are presented in Table 2.

Table 2 — Approximate cost increase per project

Category Estimated cost, $ Approximate increase in project cost
Edge servers + Al modules 10.000 — 30.000 +1-2% of the project budget
Backup power supply (UPS, 15.000 — 50.000 12 4%
generator, solar panels)
Local networks, 5.000 — 15.000 +1%
communication
Deployment and integration 10.000 — 25.000 +1-2%

The overall increase in project cost is estimated at 5-10%, while at the same time:

— Risks of downtime, accidents, and incidents are reduced.

— Predictability and controllability of the construction process are improved.

— Staff requirements can be reduced at certain stages.

A more detailed consideration of the Reserve Hybrid Control System (RHCS) is provided
below. To ensure stable operation of the intelligent construction management system even in cases
of critical failures (e.g., power outages or loss of connectivity with cloud services), it is advisable to
formalize the system’s architecture in the form of a component model. Given the complexity of the
system and the need for its formalization for modeling and implementation, the functional
decomposition of the architecture into key levels is presented in Table 3.
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Table 3 — Key system levels

Level Function description
1. Physical level Sensors, detectors, video cameras, drones, controllers, generators,
(construction site) energy sources (grid/UPS/generator)
2. Computational level Execution of Al algorithms (ML, CV, NLP), equipment control,
(local edge server) predictive models, autonomous control systems
— API connection with cloud services or backup local channel (Wi-
3. Communication level . .
Fi mesh, radio channel).

The key element of the proposed autonomous intelligent system is the edge server, which acts
as the local control core. Its functional purpose is to ensure the uninterrupted operation of the Al
system under conditions of disconnection from cloud computing services. This allows the system to
maintain critical functionality, including decision-making, emergency monitoring, and generating
appropriate responses, even when operating in isolation from external sources.

To describe the system’s functional logic, two key UML diagrams are applied: the Use Case
Diagram and the Component Diagram.

The Use Case Diagram illustrates the interaction between the user and the system, focusing on
the main usage scenarios. The user in this case may be either an operator or an external control entity
(e.g., a Telegram bot or an ERP/BIM control module).

The main scenarios include:

e Automatic updating of the construction schedule based on changes in resources or
execution conditions.

e Response to emergency situations, such as logistics delays, loss of access to equipment, or
critical data.

o Intelligent switching between power supply channels, including automatic selection
between the grid, generator, or UPS.

e Generating alerts for the user, with the ability to deliver notifications through a visual
interface or a Telegram bot.

The Component Diagram, on the other hand, represents the software—hardware architecture that
implements the mentioned functions. It demonstrates the structural organization of the system and
the interconnections between its modules, such as: the Al Engine, Task Scheduler, Energy Control
Module, Anomaly Detector, and the Fallback Controller. The central element is the edge server,
which provides integration between software modules and hardware devices, including the UPS
Module and the Operator Terminal (Fig. 3).

| Task Scheduler

Anomaly Detector

Al Engine

Energy Control Module

Fallback Controller

— UPS Module

Al Engine * | Operator Terminal {Dashboard)

-—

Fig. 3. Architecture of the hardware—software complex and interactions between its main modules
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The combination of these diagrams allows aligning the behavioral logic of the system with its
architectural structure, which is essential for further development, testing, and implementation of
such systems within the context of digital transformation of construction processes.

Thus, the described UML diagrams make it possible to systematically present the operational
logic of the autonomous system, align software and hardware components, and create a foundation
for further implementation. It should be noted that UML diagrams are an important stage of system
design and may also serve as part of the digital passport of a facility or its digital twin.

The State Diagram in this case represents the dynamic behavior of the autonomous system in
response to external events (e.g., power outage, risk detection, loss of communication channel, etc.)
and internal conditions (resource-related or operational). This makes it possible to formalize the
transitions between operating modes, which is critically important for designing a reliable, fault-
tolerant architecture (Figure 4).

power loss

Working from
the cloud

Power saving
mode

Emergency

Work locally stop mode

loss of
connection
Generator or
UPS

Fig. 4. Mode Switching Model

Based on the state model (Fig. 4), the system operates in several defined modes: normal
(standard), autonomous (fallback), and critical (emergency). Switching between these modes is
implemented according to event-driven logic and is triggered depending on external or internal
factors. Table 4 presents typical scenarios of such transitions.

Table 4 — Typical Scenarios of System Mode Switching

detection or
cyber-attack

activity, deviation from
behavioral patterns

“Security/Isolation Mode”

Factor Trigger Transition System Action
Power loss Voltage drop below | From “Normal Mode” to | Activation of backup power
critical level, “Fallback Mode (powered | module, reduction of non-
disconnection of the by UPS/generator)” priority tasks, activation of

external power source the local Al core
Loss of No feedback for more | From “Normal Mode” to | Switch to cached data, local
connection with than 5 minutes “Autonomous Mode scenario routing through the
cloud server without synchronization” edge server

Anomaly Unusual network From “Normal Mode” to | Network isolation, blocking

of external APIs, manual
confirmation of actions via
operator terminal

Restoration of
conditions for
normal mode

Voltage stabilization,
connection recovery,
operator confirmation

From “Fallback” or
“Security Mode” back to
“Normal Mode”

Synchronization of
accumulated data with the
cloud, activation of optimized
schedule

ISSN 2786-6696 Modern construction and architecture, 2025, no. 14, page 110-121

117



TECHNOLOGY AND ORGANIZATION OF BUILDING PRODUCTION

Thus, the combination of the Use Case Diagram and the Component Diagram makes it possible
not only to visualize the logic of user interaction with the system and its modular structure but also
to gain a deeper understanding of the architectural principles behind the design of the autonomous
system. However, to make an informed engineering decision regarding the feasibility of
implementing a particular architecture (centralized or modular edge-based), it is necessary to perform
a comparative analysis according to the criteria of technical, economic, and functional efficiency.

To justify the choice in favor of a modular architecture, a comparative analysis of centralized
and edge-based solutions was conducted according to technical, functional, and economic criteria
(Table 5).

Table 5 — Comparison of Centralized and Modular (Edge-based) Architecture

Criterion Centralized (Cloud-based) Modular (Edge-based)
Dependency on connectivity High (internet is critical) Low (offlmg operation
possible)
Processing speed Higher with stable network High in real time (on-site)
. Limited to cloud-defined .
Responsiveness . Adaptive, local response
scenarios
Power consumption Low on-site, high in the cloud Medium, depends on
hardware
. . Higher due to edge
Capital expenditure (CAPEX) Lower at startup infrastructure needs
Security and stability Vulnerable to network attacks Local security, fewer

vulnerabilities

Based on the above data, it can be concluded that for construction in high-risk environments
(e.g., in war zones or critical infrastructure projects), the modular edge-based architecture is more
preferable due to its autonomy and reliability. It also provides opportunities for system expansion,
including:

. Integration of a local database (PostgreSQL, SQL.ite) on the edge server for temporary
storage of project data.

. Use of a backup GUI interface for management in the form of a minimalist web
dashboard.

. Integration with UAVs/drones for automatic aerial monitoring with image processing on
an edge video module.

It should be emphasized that the developed architecture of the autonomous intelligent
management system does not imply full automation of construction processes by replacing workers
with robotic complexes. The focus is primarily on digital coordination and decision-support, not on
physical task execution by machines. Human operators remain a key element of the production
process, receiving tasks, clarifications, and instructions through integrated digital channels (CDE,
mobile applications, site tablets). Such interaction increases productivity and task quality, reduces
errors, and optimizes resource use, while maintaining flexibility and accountability of the human
factor.

The proposed architecture also incorporates a hybrid fallback mode, where construction
professionals continue to play a central role. In this context, it is appropriate to compare it with
traditional construction control methods: geodetic surveying, author and technical supervision,
preparation and approval of as-built and cost documentation. In conventional practice, these
procedures are performed sequentially, often duplicate each other, and require paper-based
confirmation and multi-level approvals, which cause delays and risks of data obsolescence.

The autonomous system eliminates these “bottlenecks” through automatic data collection and
synchronization in a BIM environment, real-time event logging, and integration with digital cost-
estimation and as-built documentation. At the same time, specialists’ capabilities are not diminished
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but expanded: instead of spending time on routine document verification, they gain tools for rapid
data analysis, risk prediction, and decision-making in non-standard situations. Thus, the hybrid
system combines automation benefits with expert experience, ensuring reliability and resilience of
management even in the event of external threats or digital infrastructure failures.

Conclusions. This paper presents a conceptual architecture of an autonomous intelligent system
for managing construction processes capable of ensuring continuity of operation under risks such as
power outages, connectivity loss, or cyber-attacks. The necessity of introducing a backup hybrid
management system (BHMS) is substantiated, allowing critical technological operations to be
performed even if the primary Al system fails.

Three-level system architecture (physical, computational, and communication levels) was
developed, with the local edge server as the core element capable of autonomously executing
predictive models, controlling equipment, and supporting decision-making logic. To describe the
component interaction logic, UML Use Case, Component, and State Diagrams were applied, enabling
the formalization of the system’s functional structure and mode-switching scenarios.

Comparative analysis of centralized and edge-based architectures demonstrated the advantages
of the latter in terms of stability, response speed, security, and independence from infrastructural
constraints. Approximate implementation costs for autonomy elements are estimated at 5-10% of the
project budget. These costs significantly reduce risks of accidents and downtime while improving
construction manageability.

Comprehensive analysis showed that the proposed architecture ensures high adaptability, fast
response, and technical independence — features critically important for construction projects under
risky conditions. The proposed approach can be applied to projects implemented in unstable
environments, such as critical infrastructure facilities, high-risk zones, or strategic infrastructure
programs.

Further research on autonomous intelligent construction management systems should focus
on several key aspects:

1. Development of mathematical and simulation models to more accurately assess system
effectiveness under different external scenarios (from cyber-attacks to energy or material supply
disruptions). This will allow verification of system resilience and definition of optimal recovery
strategies.

2. Investigation of human—machine interaction, particularly the integration of traditional control
functions (geodetic, technical, and author supervision) into the hybrid mode, considering that experts
play a key role in confirming and adjusting Al decisions.

3. Expansion of the system architecture through the use of robotic and sensor complexes to
automatically collect data from construction sites (e.g., structural geometry monitoring or safety
tracking). Defining the optimal level of automation that balances digital infrastructure costs with
economic benefits is crucial.

4. Pilot implementation of the proposed system in real construction projects to obtain empirical
data on cost reduction, faster response to deviations, and risk mitigation. Such trials would form the
basis for developing industry standards and guidelines for implementing autonomous and hybrid
management systems in the construction sector of Ukraine.

References

[1] D.S. lvanenko, M.V. Kulik, A.A. Bobrakov, A.V. Moskalova, "BIM yak baza dlia
mekhanizmu upravlinnia budivelnymy proektamy", Resursoekonomni materialy,
konstruktsii, budivli ta sporudy, no. 42, pp. 175-184, 2022. DOI: 10.31713/budres.v0i42.020.

[2] Sh. Kr. Baduge, S. Thilakarathna, J.S. Perera, M. Arashpour, P. Sharafi, B. Teodosio, A.
Shringi, P. Mendis, "Atrtificial intelligence and smart vision for building and construction
4.0: Machine and deep learning methods and applications”, Automation in Construction,
vol. 141, 104440, 2022. https://doi.org/10.1016/j.autcon.2022.104440.

ISSN 2786-6696 Modern construction and architecture, 2025, no. 14, page 110-121

119


https://doi.org/10.1016/j.autcon.2022.104440

TECHNOLOGY AND ORGANIZATION OF BUILDING PRODUCTION

120

[3] O. Emelianova, V. Tytok, K. Lavrukhina, I. Shatrova, O. Demydova, "Digital
transformation in the construction industry: Analysing the impact of technological changes
on construction processes”, ESTOA, no. 27, pp. 257-268, 2025. DOI:
10.18537/est.v014.n027.a16.

[4] X. Zhao, "Construction risk management research: Intellectual structure and emerging themes”,
International Journal of Construction Management, 2023, DOL:
10.1080/15623599.2023.2167303. [Online]. Auvailable:
https://www.tandfonline.com/doi/full/10.1080/15623599.2023.2167303. Accessed on: July
31, 2025.

[5] B. Hardin, D. McCool, BIM and Construction Management: Proven Tools, Methods, and
Workflows, 2nd Edition.Wiley-Blackwell, 2015.

[6] O. Konoplianyk, N. Kotov, 1. lliev, "Specific design features of prefabricated fire-resistant
floor slabs made from lightweight concrete”, Slovak Journal of Civil Engineering, vol. 30,
no. 1, pp. 1 -7, 2022. DOI: 10.2478/sjce-2022-0001.

[7] T.H. Nguyen, D.H. Doan, T.H. Le et al., "Integrating Building Information Modelling and
Artificial Intelligence in Construction Projects: A Review", Technologies, vol. 12, no. 10,
185, 2024. DOI: 10.3390/technologies12100185.

[8] M.O. Borodin, T.V. Tkach, O.0. Martysh, "Orhanizatsiini aspekty vykorystannia
shtuchnoho intelektu v budivnytstvi”, Ukrainskyi zhurnal budivnytstva ta arkhitektury, no. 1,
pp. 73-80, 2025. http://uajcea.pgasa.dp.ua/article/view/323324.

[9] K. Kyivska, S. Tsiutsiura, M. Kuleba, "Analiz zastosuvannia shtuchnoho intelektu v BIM-
tekhnolohiiakh™, Upravlinnia rozvytkom skladnykh system, no. 63, pp. 92-100, 2023.

[10] M.V. Kulik, D.S. lvanenko, S.V. Boliuk, M.V. Chechel, H.V. Hundrov, "Vyklyky ta
perspektyvy vprovadzhennia avtomatyzovanykh system u budivelnu haluz”, Ukrainskyi
zhurnal  budivnytstva ta arkhitektury, no. 2, (26), pp. 58-66, 2025.
https://doi.org/10.30838/ujcea.2312.270425.58.1144

[11] A. Radkevych, T. Tkach, M. Borodin, S. Stryzhak, "Perspektyvy rozvytku rynku
nerukhomosti v Ukraini", Shliakhy pidvyshchennia efektyvnosti budivnytstva, no. 2 (55),
pp. 126-136, 2025. https://doi.org/10.32347/2707-501

[12] R.Ly, A. Shojaei, "Autonomous building cyber-physical systems using decentralized
autonomous organizations, digital twins, and large language model"”. [Online]. Available:
https://arxiv.org/abs/2410.19262, 2024. Accessed on: July 31, 2025.

[13] P.E.D. Love, W. Fang, J. Matthews, "Explainable artificial intelligence: Precepts, methods,
and  opportunities  for  research in  construction”.  [Online].  Available:
https://arxiv.org/abs/2211.06579, 2022. Accessed on: July 31, 2025.

[14] C. Egwim, "Atrtificial Intelligence in the Construction Industry: A Systematic Review of
the Entire Construction Value Chain Lifecycle", Energies, vol. 17, Issue 1, p. 182. [Online].
Available: https://www.mdpi.com/1996-1073/17/1/182 2024. Accessed on: July 31, 2025.

[15] N. Emaminejad, R. Akhavian, "Trustworthy Al and robotics and the implications for the
AEC industry: a systematic literature review and future potentials”. [Online]. Available:
https://arxiv.org/abs/2109.13373/ 2021. Accessed on: July 31, 2025.

[16] J. Wu, W. Shen, J. Lin, "The Relationship Between Artificial Intelligence (Al) and
Building Information Modeling (BIM) Technologies for Sustainable Building in the
Context of Smart Cities", Journal of Cleaner Production, vol. 425, 139231, 2024. DOI:
10.1016/j.jclepro.2024.139231.

ISSN 2786-6696 Modern construction and architecture, 2025, no. 14, page 110-121


https://www.tandfonline.com/doi/full/10.1080/15623599.2023.2167303
https://doi.org/10.30838/ujcea.2312.270425.58.1144
https://doi.org/10.32347/2707-501
https://arxiv.org/abs/2410.19262
https://arxiv.org/abs/2211.06579
https://www.mdpi.com/1996-1073/17/1/182
https://arxiv.org/abs/2109.13373/

TECHNOLOGY AND ORGANIZATION OF BUILDING PRODUCTION
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BYAIBEJIBHUMMU ITPOHECAMMU B YMOBAX PU3UKY 30BHIIIHIX BIIJIUBIB
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LVkpaincoxuii depacasnuii ynieepcumem nayku i mexHonozii

HHI «lIpuoninposcvka oepoicasna akaoemis OyO0igHUymaea ma apximexmypuy
ByJI. Apxitekropa Onera IlerpoBa, 24-a, m. [{uinpo, 49005, Ykpaina

AHoTamifA. Y CTaTTi PO3MISIHYTO MpoOsieMy 3a0e3MedeHHsT aBTOHOMHOCTI 1HTEJIEKTYalIbHHIX
CHUCTEM YIpaBJIiHHA OY/IBEJIbBHUMH IPOIIECAMH B yMOBAaxX PHU3UKY 30BHIIIHIX BIUIMBIB, 30KpeMa
3HECTPYMJICHHS, BTPATH 3B’ 53Ky 4 KibepaTak. BpaxoByroun 3pocTarody poiib IITYYHOTO iHTEIEKTY
(III) y mmanyBaHHI, MOHITOPHHTY Ta KepyBaHHI OyiBeIbHUMH pOOOTaMU, aBTOPaMH IMOCTaBJICHO
3aBJIaHHS PO3POOUTH KOHIENITYaIbHY apXITEKTypy CTiKOi 10 3001B cuctemu. MeTO OCIiHKCHHS
€ dopmatizallis MoJiell aBTOHOMHOI 1HTEJIEKTYaJIbHOI CUCTEMH 3 PE3E€PBHOIO JIOTIKOK KEepyBaHHS,
31aTHOi 30epiratu (GyHKIIOHAIBHICTH B YMOBaX KPUTUYHHX 3001B.

MeTtoomoris AOCTIHPKEHHS TPYHTYEThCA HAa CUCTEMHOMY aHaJi3l apXiTEKTYpPHHUX ITiIXOIiB
(uenTpaizoBaHoi Ta MoaybHOI edge-based), moOynoBi UML-niarpam (use case, component, state),
CIIEHAPHOMY MOJICTIOBaHHI PH3HMKIB Ta TEXHIKO-€KOHOMIYHOMY OOIPYHTYBaHHI BIIPOBAJKEHHS
pe3epBHOI iH(pacTpyKTypu. Y CTaTTi JETaJbHO ONMUCAHO TPUPIBHEBY apXITEKTYpPYy CHUCTEMH, IIO
BKJIFOYA€E (13MIHMMA, O0UMCITIOBAILHUN Ta KOMYHIKallIHHUK PiBHI, 3 IICHTPAJILHUM €JIeMEHTOM — edge-
CepBEpOM, KM BUKOHYE KJIFOUOB1 (DYHKIIIT aBTOHOMHOI'O YTIPaBIIiHHS.

PesynbpTatu mociikeHHS MiATBEPAUIN €(QEeKTHBHICTh po3pobsieHoi pe3epBHOI TiOpHaHOT
cucremu yrpasiinas (PI'CY), 3maTHOT aBTOMaTHYHO pearyBaTy Ha BiJIMOBH OCHOBHOT'O CEpEI0BUIIIA,
MepeMUKaTHCS Ha albTEPHATHUBHI JDKEpesia €Heprii Ta TpOJOBKYBATH BHUKOHAHHS KPUTHYHHX
TEXHOJIOTIYHUX omnepauniid. [IpoBeaeHo mopiBHAIBPHHUI aHaNi3 LeHTpajii3oBaHoi Ta edge-based
apXxiTEKTyp, pO3paxoBaHO OPIEHTOBHE 3POCTaHHS BapTOCTI BIPOBAIKEHHSI aBTOHOMHUX PIIlIE€Hb, 1110
cTaHoBUTH 5—10 % Bij 3arajJbHOrO KOIITOPHCY, ajle 3HAYHO 3MEHIIY€ PU3UKH 3yITMHOK Ta aBapii.

3anpornoHoBaHa MOJENb MOXe OyTH BOpPOBaJKeHa B OyIBEJbHUX MiANPHUEMCTBAX, IO
MPALIOIOTh B YMOBaX OOMEXEHOT0 JOCTYIy A0 iHPPACTPYKTYPH, @ TAKOXK Y MPOEKTaX KPUTUUHOT
iHpacTpykTypu. [loganein nocmiKeHHs TOIUIBHO 30cepeanTH Ha aganTalli anroputMis LI go
aBTOHOMHOTO PEXXHUMY, TECTYBaHHI CUCTEMH B MUUIOTHUX YMOBAX Ta CTaHJapTH3Alli] MiIX0IB y ramysi
1HKEHEPHOTO YIPABIIIHHSA OY[IBHULITBOM.

Karwo4oBi cioBa: mITyyHHI 1HTENEKT, aBTOHOMHa cuctema, edge-computing, ympaBiIiHHS
OyIIBHULTBOM, BIJMOBOCTIHKICTh, apXiT€KTypa mporpamHoro 3abesneuenHs, UML-niarpamu,
pe3epBHE KepyBaHHs, KpUTUYHA 1HPPACTPYKTYpa.
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Abstract. The article considers the process of cold joints formation that arise as a result of
interruptions during the placement of concrete mix and can significantly affect the subsequent
mechanical behavior of concrete and reinforced concrete structures. The characteristic defects that
are formed both at the manufacturing stage and during the operation of structural elements, as well
as their impact on durability and load-bearing capacity, are analyzed in detail. Special attention is
paid to modern methods and materials used for the repair and restoration of damaged concrete
elements, in particular, special repair mixtures, modified cements, chemical additives and approaches
to base preparation. One of the key methods considered in the work is the technology of wet shotcrete,
which allows for effective restoration of damaged areas and ensuring high-quality adhesion between
old and new concrete. The features of regulating the technical properties of repair mixtures by using
optimal compositions, selection of aggregates, modification of the mixture and control of hardening
conditions are presented. The importance of proper surface preparation of existing concrete is
emphasized, which largely determines the quality of the contact zone.

The study is aimed at determining the optimal parameters for applying repair materials by
shotcrete. In laboratory conditions, partial application of a 1 cm thick layer of repair mixture was used
using a compact test rig. A method for determining the tensile strength of fine-grained concrete during
bending was developed using standardized forms modernized with special partitions. Prepared halves
of beams with surface angles of 90°, 45° and 22.5° to the horizontal were used as elements of "old
concrete”. Such a design solution allowed to increase the contact area, minimize flow turbulence
during spraying and assess the influence of the spatial position of the cold joint.

Within the framework of the study, a two-factor nine-point experimental design was formed, in
which the angle of the cold joint plane (90°, 45°, 22.5°) and the speed of spraying the shotcrete-fiber
concrete mixture (0 m/s, 35 m/s, 70 m/s) were varied. A set of experimental tests was carried out, the
results of which are presented and analyzed in the work, which allowed us to establish the regularities
of changes in the strength and nature of the fracture of the repaired samples.

Keywords: cold joint concreting, wet shotcrete method, repair work, partial shotcrete,
experimental planning.

Introduction. The characteristics of the concrete structures depends largely on the integrity of
the material throughout its volume. Sometimes, due to interruptions or delays in the concreting
procedure, when the second batch of concrete is not poured immediately after the first one, cold joints
occur [1-4]. In such situations, surface of weakness is created in the concrete element body, which
can result in the structural problems in the final concrete structure [5].

Monolithic concreting is usually performed floor by floor, and delay in the concrete mix
inevitably creates the potential for cold joints to form at column-slab and column-beam joints. Large
foundation elements may require segmented concreting due to time constraints, creating parts prone
to cold joints. Their location and dimensions should generally be determined by the type of structure
in order to guarantee its functionality and aesthetic appearance [6].
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Analysis of recent research and publications. The previous studies have mainly focused on
the general effect of cold joints on concrete properties such as compressive strength, tensile strength
and durability. However, the specific effect of cold joint arrangement on the bending behavior of
concrete elements has not been thoroughly investigated. The ability of the system to withstand the
maximum force depends on factors such as the location of the cold joint, the pouring interval and the
relationship between the location of the cold joint and the direction of the applied forces [7].

The regulatory documents state that concrete mixtures are recommended to be arranged in
structures that are concreted in horizontal layers of the same thickness without gaps with a consistent
direction of laying in one direction in all layers. The surface of the construction joints arranged when
laying the concrete mixture with interruptions should be perpendicular to the axis of the columns and
beams, the surface of the slabs and walls that are being concreted. Re-concreting is allowed to be
performed after the concrete reaches a strength of at least 1.5 MPa [8, 9].

In order to prevent the formation of cold joints and excessive settlement or overloading of the mould
and its supporting structures, it is necessary to choose an appropriate speed for placing and compacting
the concrete mix. During molding, a cold joint may form if the concrete mix hardens before the subsequent
layer of concrete mix is placed and compacted. Special attention should be paid to the areas where
previously placed concrete mix has not been compacted before placing the subsequent layer [10].

Before concreting, the location of the construction joints should be carefully considered and
their position agreed. They should usually be located at right angles to the direction of the element.
If special preparation of the joint surfaces is required, this should be indicated [8-10].

Partial shotcrete is applied to arrange cold joints using a shotcrete gun. With this method, a thin
layer of shotcrete is applied for further concreting [11].

By analyzing the impact of cold joints and their control in different elements and at different
angles, the study provides valuable information for construction, contractors and workers on the
construction site in order to optimize construction protocols during large-scale concreting.

The purpose of the study presented in the paper is to determine the analytical dependences of
the tensile strength index during bending of repair mixtures applied by wet shotcrete technology with
a compact installation when arranging cold joints.

The objectives of the study are to analyze modern methods and materials applied for the repair
of concrete and reinforced concrete elements of building structures and structures, including for the
control of cold joints. To investigate the fracture of cold joints specimens placed at an angle.

Materials and study methods. When repairing with cement mortars and concrete, depending
on specific conditions, special requirements are imposed on them: acceleration of the hardening rate,
slowing down the setting process, the possibility of thinning the concrete mixture, no shrinkage or
expansion, high density, chemical resistance and adhesion to "old" concrete. Regulation of the
technical properties of concrete is achieved by applying special types of cement, additives and
aggregates, special laying methods and hardening conditions, as well as appropriate preparation of
the surface of old concrete [12, 13].

Partial application of shotcrete by wet method was carried out by a compact shotcrete installation
(Fig. 1), which operates with compressed air from a mobile compressor station of appropriate capacity.
The low-power operation of the compact installation can be effectively used for the installation and repair
of thin-walled reinforced concrete elements of buildings. The bunker gun (hopper) is designed according
to the principle of a compressor nozzle and has a bunker volume of 6 dm3. With a coating thickness of
10 mm, in two layers, the gun’s performance is about 10 m?/h.

Compared to the dry method, the wet shotcrete method requires more work at the beginning
(preparation and feeding the mixture into the pump) and at the end (cleaning the equipment). In
addition, the wet shotcrete method has a limited time of use of the prepared mixture, and if the
concrete mixture is not applied during this time, the mixture cannot be used.

The composition of the mixture for the wet shotcrete method contains: cement, inert materials,
additives (superplasticizers), liquid, fibers (dispersed reinforcement). The same requirements are
imposed on shotcrete-concrete mixtures in construction as on conventional concrete mixtures.

ISSN 2786-6696 Modern construction and architecture, 2025, no. 14, page 122-128

123



TECHNOLOGY AND ORGANIZATION OF BUILDING PRODUCTION

Fig. 1. Compact shotcrete installation:
1 — hopper; 2 — compressor; 3 — hose

It is much more difficult to achieve all of the above-mentioned requirements with wet shotcrete,
especially on open construction sites. Previously, this was completely impractical, but today it is
possible to approach the ideal composition of the mixture by means of special additives. A very
important criterion for shotcrete mixtures is the number of small particles that make up the bulk of
the composition, and the strength characteristics.

The concrete bases have high absorption and absorb most of the moisture from the repair
mixture. To prevent the repair mixture from peeling off in the first year, a penetrating primer should
be applied. For example, consider the use of Knauf Betokontakt as a preparation for high-quality
finishing of concrete and foam concrete surfaces. The mortar does not penetrate deeply into the base
and in most cases penetrates the surface at a level of 4-5 mm. However, the main advantage of this
composition is that it creates high adhesion on porous surfaces. As soon as the liquid dries, a rough
layer is formed, finishing materials adhere perfectly [14].

For an experiment to determine the tensile strength of fine-grained concrete during bending of the
repair mixture. To check the adhesion of fine-grained shotcrete, a mold for beam samples 4x4x16 cm and
finished half-samples in the form of old concrete with age of 1 day was used. This mold is most suitable
for creating samples of fine-grained shotcrete for preliminary experiments. The ends of the finished halves
were made at angles of 90° —according to the requirements of regulatory documents, 45° — average value,
and 22.5° — similar to the natural angle of spreading of the concrete mixture, degrees with a change in the
behavior of the air flow in the shotcrete technology and a change in the contact area (Fig. 2).

Fig. 2. Location of cold joints of beam samples:
a—90° b - 45° ¢c-22.5°
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Study results. The shortened experimental design with accepted factors was selected and
ranges of variation of the parameters of the fine-grained shotcrete layer thickness are summarized in
Table 1 [15, 16]. The study assumed changing the angles of the surface of the cold joints from 90° to
22.5° for the sanmples of the previous concreting layer, while the speed of the mixture supply varied
from 0 to 70 m/s.

Table 1 — Experimental plan and parameter levels

Normalzed values of factors Natural values of factors
No. X1 Xo
X1 X2
Angle, ° Speed, m/s
1 -1 -1 90 0
2 -1 0 90 35
3 -1 1 90 70
4 0 -1 45 0
5 0 0 45 35
6 0 1 45 70
7 1 -1 22.5 0
8 1 0 22.5 35
9 1 1 22.5 70

The BauGut plasticizer was applied as a modifier. Due to this agent, it became possible to
significantly increase the concrete mixture plasticity without the need to change the water-cement
ratio, i.e. without increasing the water content, which facilitates the formation of a layer of fine-
grained concrete during application.

To improve the physical characteristics of the material, basalt fiber was included in the composition
of the fine-grained shotcrete mixture. To ensure the correct operation of the shotcrete installation with a
bunker gun with a diameter of 9 mm, basalt fibers were crushed to a length of 3-4 mm.

The test samples were manufactured in standard molds intended for the formation of the beams
made of fine-grained concrete measuring 40x40x160 mm (Fig. 3). The characteristics of the molds
for the manufacture of such beams were as follows: type — beam mold (BM); number of samples — 3;
width — 40 mm; length — 160 mm; height — 40 mm [15, 16].

Fig. 3. Partial shotcreting of the sample surfaces of the previous layer of concreting in a standard mold
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The modified inserts were applied in order to prevent manufacturing defects in the lower
corners caused by compressed air vortices during shotcreting. Following generally accepted practice
for placing concrete, cement milk from the cold joint surface was removed in 24 hours, partially
shotcreted and poured with the next layer of concrete.

In order to so simulate the conditions of monolithic structure concreting interruption, samples
in the form of half-beams measuring 4x4x16 cm were applied as a base, one end of which was
inclined at an angle of 90° to 22.5° relative to the horizontal. Additionally, this form was modified
using insertable perforated partitions, which allowed the manufacture of shotcrete samples in a
laboratory environment, taking into account the characteristics of the mobile equipment used for
applying the mixture.

The samples were tested using MI-100 equipment, which is designed to determine the tensile
strength of samples with a size of 40x40x160 mm i.e., which were manufactured in beam forms. The
load is transmitted to the center of the beam, so the cold joint was located in the central part. The
force acting on the beam is directed vertically, so the joint was located in the horizontal plane so that
it contributes to the greatest loads. The adhesion of the sample cold joint at an angle of 45° withstands
the forces that arise during destruction (Fig. 4). The plane of the beam section passes through the
center and through the material of the previous and subsequent layers of concreting.

Fig. 4. Sample failure relative to the location of beam cold joints

Conclusion and further study prospects:

1. The preparation of the surface of previous concrete layer and the application of primers
described in the paper contribute to improving adhesion when arranging cold joints.

2. The cold joints arranged according to the technology and placed at an angle withstand the
load, and the destruction of the samples occurs in a different plane.

3. A compact installation for wet fine-grained shotcrete can be applied to arrange cold joints
that arise during monolithic concreting.

4. A promising direction of study is partial shotcreting with a compact installation when
arranging cold joints in heavy concrete.
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AHoTamif. Y CTarTi pO3IJISHYTO IMPOLIEC YTBOPEHHS XOJOJHUX IIBIB, IIO0 BHHHUKAIOTh
YHACIIIOK TIEPepB IiJl Yac yKJIaJaHHs OSTOHHOI CyMIllli Ta 3[1aTHI CYTTEBO BIUIMBATH HA MOAAIBITY
MEXaHIYHy IIOBEJIHKY OCTOHHHMX 1 3ali300€TOHHHMX KOHCTPYKIiH. [leTanpHO mpoaHai3oBaHO
xapaktepHi aedexTH, ki GOpMYyIOThCS SIK HAa CTajlii BUTOTOBJCHHS, TaK 1 IiJ Yac €KCIUTyaTtarii
€JIEMEHTIB KOHCTPYKIIiH, a TAKOK IXHiH BILUTMB Ha JJOBIOBIYHICTh Ta HECY4y 3/1aTHICTh. OKpemy yBary
MPUIUICHO CydYacHHMM METOJaM Ta Marepiajiam, 10 3aCTOCOBYIOTHCS JJISl PEMOHTY W BiJTHOBJICHHS
MOIIKO/PKEHUX OETOHHUX €JIEMEHTIB, 30KpeMa cliellialbHUM PEMOHTHUM cyMiliam, MOIU(iKOBaHUM
LEMEHTaM, XIMIYHUM J00aBKaM Ta MiAX0[4aM IO MiATOTOBKH OCHOBH.

OmHuM 3 KJIFOYOBHX METOMIB, PO3TJISHYTHX y POOOTi, € TEXHOJOTiI MOKPOTO CIOCO0Y
TOPKPETYBaHHA, sKa J03BOJIAE€ €()EKTUBHO BiIHOBIIIOBATH IOIIKOKEHI 30HM Ta 3a0e3nedyBaTu
SIKICHE 34YETUICHHS MK CTapuM 1 HOBUM OeToHOM. HaBeneHo 0coOIMBOCTI peryIfoBaHHS TEXHIYHUX
BJIACTUBOCTEH PEMOHTHHUX CYMIIIed NUISXOM BHKOPHCTAaHHS ONTUMAIbHUX CKIAAIB, MiIOOpy
3aroBHIOBaYiB, MOJU(IKYBaHHS CyMIIlll Ta KOHTPOJIIO YMOB TBepAiHHSA. [liIKpecieHo BaKIMBICTh
HAJIEKHOI MIJIrOTOBKM MOBEPXHI ICHYIOYOro O€TOHy, IO 3HAYHOK MIpOK BH3HAUYA€E SKICTh
KOHTAKTHOI 30HH.

JlocmikeHHs cripsIMOBaHe Ha BU3HAUEHHS ONTUMAJIbHUX IapaMeTpiB HAaHECEHHS PEMOHTHUX
MaTepialiB METOJIOM TOpPKpETyBaHHS. Y IJIabOpaTOPHUX yMOBaX BUKOPHUCTOBYBAJIOCS YaCTKOBE
HAHECEHHS IIapy PEMOHTHOI CyMillli TOBIIMHOKO 1 CM 3a I0MOMOI0I0 KOMITAKTHOI BUNPOOYBaJIbHOT
yCTaHOBKH. P03p00eHO METOIMKY BU3HAUYCHHSI MIITHOCTI Ha PO3TAT MPU BUTHHI IPIOHO3EPHUCTOTO
OeToHy 13 3aCTOCYyBaHHSM CTaHJApPTU30BaHUX (OPM, MOJEPHI30BAHUX  CHEMiaIbHUMU
neperopoakamu. Sk elreMeHTH «CTaporo O0eTOHY» BHKOPHUCTOBYBAJIHUCH IMiJITOTOBIIEHI MOJIOBUHKU
6ano4ok 13 KyTamu moBepxHi 90°, 45° Tta 22,5° no ropuzonrami. Take KOHCTPYKTUBHE pillIEHHS
JI03BOJIMJIO 301IBIIMTH TUIONTY KOHTAKTy, MIHIMI3yBaTH TypOyJIEHTHICTh MOTOKY MpU HAOpU3KY Ta
OLIIHUTH BILJIMB ITPOCTOPOBOTO MOJIOKEHHS XOJIOAHOTO IIBA.

VY Mexax 1ocnipkeHHs chOpMOBaHO ABOPAKTOPHUH J1eB’ ITUTOYKOBUH IJIaH €KCIIEPUMEHTY, Y
SKOMY BapilOBaJIUCs KyT pO3TalllyBaHHS IUIOLIMHU XoJogHoro mBa (90°, 45°, 22,5°) ta mBUAKICTH
HaOpu3ky TopkperdiOpobdeTonnoi cymimi (0 m/c, 35 wm/c, 70 wm/c). IlpoBeneHo komruiekc
eKCIIepUMEHTAIbHUX BUIIPOOYBaHb, Pe3yibTaTH SKUX HABEJCHI Ta MpoaHali3oBaHi B poOOTi, 1110
JI03BOJIMJIO BCTAHOBUTH 3aKOHOMIPHOCTI 3MIHM MIIIHOCTI Ta XapakTepy pyHHyBaHHS PEMOHTOBaHUX
3pa3KiB.

KurouoBi cjoBa: xonofHi mBu OETOHYBaHHS, MOKpPUH CIOCIO TOPKpETyBaHHS, PEMOHTHI
po0OTH, YACTKOBE TOPKPETYBaHHS, IUIAHyBaHHS €KCIIEPUMEHTY .
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BHUMOTI'HA JIO O®OPMJIEHHSA CTATEN
y 301pHUKY HAyKOBHUX Ipalb
“CyyacHe OyAiBHHITBO Ta apXxiTeKkrypa”

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

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

. [mkeHepHi Mepexi Ta o0a HaAHHS.

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

5

. Texnooris Ta oprasizaiis OyAiBeJIbHOTO BUPOOHUIITBA.

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

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

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

* (hopMyIIFOBaHHS METHU CTATTi (MOCTAaHOBKA 3aBJIAHHS);

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

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

* CITUCOK JIiITepaTypHu.

3arajbHi BUMOIH 10 0(DOPMJICHHSI TEKCTY

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

CraTTi IoAar0Thesl YKPaiHCHKOIO Y aHTJIIMCHKOI0 MOBOIO 1 IPYKYIOTHCSI MOBOIO OpPUTIHATY.

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

CrpykTypa cTaTTi:

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

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

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

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

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

Texct mepiioi aHOTaIlil MUIIETHCS MOBOIO OCHOBHOT'O TEKCTY CTaTTi Ta NMOBMHEH OyTH He
MeH sk 1800 3HaKiB.

TekcT npyroi aHoTallii, SIKIO BUIAAHHS HE € IMOBHICTIO aHIJIOMOBHHM, KOXKHA ITyOJIiKallis HE
AHTJIIHCHKOI0 MOBOIO CYIIPOBOIKYETHCSI aHOTAIIEI0 aHMTIMCHKOK MOBOIO 00csrom He MeHII sik 1800
3HAKIB. SIKII0 BUIaHHS HE € MOBHICTIO YKPaiHOMOBHUM, KOXKHA ITyOJIiKallis He YKPaiHCHKOI0 MOBOIO
CYNPOBOKYETHCS AHOTAIIEI0 YKPATHCHKOI MOBOIO 00Ocsrom He meHm sik 1800 3makiB. [lpyra
AHOTAILisl PO3MILIYETHCS B KiHIII CTATTI MICHIS CIIUCKY JIITEPAaTypH Ha aHTJIICHKIN MOBI.

JIBi aHOTa1ii NOBHHHI KOPOTKO MOBTOPIOBATH CTPYKTYpYy CTATTi, IO BKJIKOYA€E BCTYII, METY,
METOIUKY, pe3YyJIbTaTH, BUCHOBOK. MalllMHHUN ITEpeKIIa]l He J03BOJIAE€THCH.

— Kaouoei cnoéa (MDKPAIKOBHMI IiHTEpBal HE pPOOMTHCS, ab3alHMK BIiACTYI, Ha3Ba
HaMIBXHUPHA, TEKCT KJIFOYOBUX CITiB HE OlbIle 6—8 CIIiB).

Ha3pa crari, npi3Buiie i iHimiagam, HAyKOBUH CTYyIMiHb, BU€HE 3BaHHS, MiCIIe POOOTH, aHOTAIIis
1 KJTFOUOBI CJI0BA — MOBTOPIOIOTHCS YKPATHCHKOIO TA aHTIIIHCHKOI0 MOBaMH.

Mix psakamu 3 iHAekcoM Y /JIK, Ha3Bor cTaTi, Mpi3BUIIEM aBTOPiB, aHOTAIli€l0, OCHOBHUM
TEKCTOM 1 TEpeNiKOM JIiTepaTypH, JITepaTypol0 Ha AaHIMIIKWCHKIH MOBI Ta JAPYrol0 aHOTAII€I0
OJIMHAPHUI 1HTEPBAJL.

— OcHO6HUIL meKcm cmammi.

CtpyKTypa OCHOBHOTO TEKCTY CTaTTi 3rimHO 3 moctaHoBoro BAK Vkpainu Ne 7-05/1 Bin
15.01.2003 p. (bronerenr BAK Vkpaiau Nel, 2003 p.) moBuHHA MaTu Taki HEOOXiAHI €IEeMEHTH
(nazeu cmpykmyphux enemenmie 6 mexcmi cmammi ROMPIOGHO 6UOLIUMU HANIEIHCUPHO):

— BCTyl (IIOCTaHOBKA MPOOJIEeMH Yy 3arajlLHOMY BUTIISAAI Ta 1 3B’S30K 3 BaKIWBUMU
HAyKOBUMH YU MPAKTUYHUMU 3aBJaHHIMH);

— aHaii3 OCTaHHIX JpKepen AOCTKEHb 1 MmyOiKaiii, y SKHX 3al04aTKOBAHO PO3B’sI3aHHS
npobinemu (GakaHo, mo0 1e OyB aHalli3 OCTaHHIX NyOmikamii y (axoBHX >XypHanax) 1 Ha sKi
OMHPAETHCSI aBTOP, BUJAUICHHS HE PO3B'SI3aHUX paHINIe YaCTHH 3arajbHOi MPOOJIeMHU, SIKHM
MPUCBSIYETHCS CTATTS,

— TIOCTaHOBKA METH Ta 3aBJaHHs ((opMyITIOBaHHS METHU Ta 3aBIaHb JIOCII)KECHb);

— MarepiaiM Ta METOIM JOCHIDKeHHs (ONMHC BUKOPHCTAHUX MaTepiajiiB Ta METOJIB
JOCTIKEHHS TPOOJIEMH, 1110 PO3TIISIAETHCS Y CTATTI);

— OCHOBHHUU MaTepiasl 1 pe3yabTaTH (BUKJAJ OCHOBHOTO Martepiany JOCTIHKEHHS 3 TMTOBHUM
OOTPYHTYBaHHSIM OTPUMAaHUX HAYKOBUX PE3yIbTATIB);

— BHUCHOBKHM (HayKOBa HOBW3HA, HAYKOBE Ta MPAKTHYHE 3HAYCHHS Pe3yJIbTATIB JOCIiIKEHHS,
MEPCIEKTUBH MMOATBIINX HAYKOBUX PO3POOJIEHB);

— Jaimepamypa (BIALICHTPOBaHA, HAIIBXHMPHA;, MOCWIAHHS B TEKCTI MOJAIOTh Y KBaJpPaTHUX
AykKax [2]; crucok iTepaTypy HaBOAWUTHCS BiAMOBIAHO MOPSIKY MOCHIAHb y TeKCTi 3rimHo 3 JICTY
8302:2015 Ta 3anmcyeThCs B CTOBITYMK; HanmcaHHs «Jxepena indopmarii», «[lepemik miteparypm» He
JAomycKaeTbesi). biOmiorpadiuHuii CIMCOK HABOJWTHCSA MOBOKO OpHTIHATY Ta TPAHCIITEPYEThCS.
KinbKicTh IOCHIIaHB HA JIITEpATypHI PKEpesia y CTaTTi MOBUHHO OyTH He MeHIe 15 mkepen. OcobmmBa
yBara npuAUTS€THCS CY4aCHUM aHTJIIOMOBHHM CTaTTSM, 30KpeMa iHaekcoBanux WS abo Scopus.

— oioniozpaghiunuii cnucox (References). Jlins BiATBOpPeHHs YKpaiHCHKMX BJIACHUX Ha3B
3ac00aMHU aHIMINHCHKOI MOBM TpH MeEpeKsajai MyOsikalii aHTIHCHKOI0 MOBOIO 3aCTOCOBYETHCS
TpaHchiTeparis. HalimeHyBaHHs opraHizaiiid Ta yCTaHOB, II0 HE TEPEKIAJaOThCS Ha aHTIIHCHKY
MOBY, TaKOX TPaHCIITEPYyIOThCs. TpaHcmiTepallis Npi3BUILl aBTOPIB BUKOHYETHCS 3aJISKHO BiJl MOBU
OpHTiHATY JpKepena BianosinHo 10 BuMor [loctanoBu Kabinery MinictpiB Ykpainu Bix 27.01.2010 p.
Ne 55 «IIpo BnopsiaKyBaHHS TpaHCIiTepallii ykpaiHCbKoro angasiTy JaTuHULeo». bidmiorpadiuamii
CIIUCOK TIOBMHEH Oytu odopmieHnid 3 BukopuctanHsm ctwisi |EEE STYLE 3rigo 3
«MiXHapOJHUM CTHJIEM LIMTYBAHHS Ta MOCUJIAHHS B HAYKOBUX poboTax», Kuis, 2016.

Taénuyi cnin BUKOHyBaTH B pemaktopax Word 6e3 3anuBanns. Koxxna Tabmuisg mae OyTu
Ha/IpyKOBaHa 3 BIJNOBIJHUM 3arojlOBKOM Ta HyMEpAIli€lo IiCIs MEepIIOro MOCHJIaHHS Ha Hei.
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[Iupyna Tabnuier HE TMOBWHHA IepeBUIyBaTH Mois cTopiHku. [pudTt B Tabmuill MOBUHEH
BIJNOBiJATH MIPUQTY CTATTI.

@opmynu maioTh OyTH BHKOHaHI B pemaktopi ¢dopmyn Equation 3.0 un MathType 3
BUKOPHCTaHHAM TUIbKH 3aranbHonpuiiHaTux wmpudriB (Times New Roman; Symbol). Koxna
(dhopMyia HAOUPAETHCS K ONUH 00’ €KT, HyMmepallis Gopmys apabCbkuMH IU¢paMu CripaBa B TyKKax
BUPIBHSHA 110 UIMPHHI CTOPIHKU.

Pucynku (miarpamu, (oTo), MOAAIOTHCA y YOPHO-OUTOMY, KOJHLOPOBOMY BapiaHTi abo y
rpajamisx ciporo KOJIbOpPY Iiciis MEepPIIOro MOCUIaHH Ha HHUX; MAlOTh OyTH 3TPYIOBaHi Ta SIBISITH
coboro ouH TpadiuHuii 00’ €KT; MaTH HyMepallito Ta MiJM1uc MOo3HAYeHHS OCh KoopAuHaT. Posmipu
MiANKCIB HA PUCYHKY MOBHHHI Bignosigatu mpudty Times New Roman 12 nr.

Pa3om 3i crarTero moaaThHCA:

— BIJIOMOCTI Mpo aBTopa (aBTOpPChKa MOBIAKA): MpI3BHINE, iM’s, MO OATHKOBI (IIOBHICTIO);
BUCHE 3BaHHS, BUCHUI CTYIiHB; MOCaja, MicIle poOOTH; KOHTAKTHI aJpecH il TenedOHH; MOIITOBa
ajZipeca, Ha Ky HaJICUJIaTH MPUMIPHHK 301pHUKA

— peleH3is Ha CTaTTIO, SIKIIO aBTOPOM € acmipaHT Oe3 CIBaBTOPIB 3 BUCHUM CTYIEHEM Ta
BYCHHM 3BaHHSIM.

Cratri, IKi He BiANOBiIAI0TH HABEeJEHUM BUMOIaM, 10 PO3IVIsAy He IPUIHMAIOThCS.

[Togani MaTepiany miUsITalOTh JOIATKOBOMY PEIEH3YBaHHIO YWiICHAMHU peAKoJIerii abo MpoBiAHUMU
¢axiBUgMH 3a HAYKOBUMH HalpsMaMd, TOMY MOXYTh OYyTH TIOBEpHEHI aBTOpaM Ha
JOOIPALFOBaHHS.

OcrarouHe pileHHs o0 myOmikauii cTaTTi NpuiiMae peJakiiiina Kouerist BUJaHHs.
BinxwuieHuii opuriHai He MOBEPTAETHCA.
OmnuaTa 3MIHCHIOETBCS TUTBKU TICIIS MATBEPKCHHS IPUHHSTTS CTATTI 10 IPYKY.

Bapricte myOmikamii crarti 1100 rpn. 30ipHUK BHXOAWTH 4 pa3d Ha PIK IIOKBAPTAIBHO, B KiHII
KOJKHOTO KBapTaiy. CtaTTi HEOOXiJHO HajcuiaTH 10 | Yucia OCTaHHBOTO KBapTaly (HANpUKIA,
SKIIO 30IpHUK BUXOJIUTH B KIHILIl YEpBHS, TO CTATTI MpUiMaroThes 10 | dyepBHA). Ale mpuiloMm craTteit
MOXe€ 3aKIHUUTUCH PaHillle BKa3aHOTO TEPMiHy, SKIIO Oy1e HabpaHO HEOOXiJHY KUJIbKICTh CTOPIHOK.

Marepiam HaaCHJIATH 32 apPecoro:

Penakuist «CyuacHe OyZiBHUIITBO Ta apXiTEKTypa»
Opnecbka eprkaBHa akazeMis OyIIBHULITBA Ta apXITEKTYpH,
Byn. linpuxcoHa, 4

M. Oneca, 65029, Ykpaina

KonTakTHa ocoba: AHTtoHrok Hazist PomaniBHa

ten. po6. (048) 70-00-608

e-mail: visnuk_odaba@ogasa.org.ua

Caiit 30ipauka: http://visnyk-odaba.org.ua/

InaTixkHi pekBi3uTH:
Hentp HTTM no Ab, xonx 21028281,
M®O 320478, P/p UA 103204780000026009924861812 B ITAT Ab «Ykprazoank»,

Ipu3nayenns miaarexy: «CyyacHe OyAiBHULTBO Ta apXiTekTypa, [1Ib nepmroro aBropa

[Ipocumo micnst BiAmpaBieHHS MarepiaigiB 00OB’s3KOBO 3areiedoHyBatu abo 3B’s3aTHCA
€JICKTPOHHOIO TIOIITOIO, III00 YIEBHUTHCS B OTPMMAaHHI MaTepialliB Ta PIICHH] peJaKIiitHOT Koyerii
1010 My OJiKaIii cTaTTi.
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