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Abstract. The climate change that is taking place all around the world today presents
challenges for all inhabitants of the planet, including the citizens of Ukraine. Taking all of these
circumstances into consideration, it is necessary to introduce new methods of forming the
environment that meet the new conditions. The article examines the influence of climate change on
the recreational spaces of Ukrainian cities focusing on the location of sports and leisure complexes
and their facilities. The article explores the influence of the temperature and humidity of the
recreational environment on the athletes' performance and health.

The work identifies and systematizes the positive and negative effects of the climate change on a
network of sports and leisure complexes and their athletes. The main implication is that outdoor
activities can cause heat stress during periods of high ambient temperature. This indicates that the
existing sports and leisure complexes are not adapted to climate change. The paper studies the world's
practical ways of adapting the urban environment to climate change paying particular attention to a
system for alerting the population about the heat waves and informing the citizens about ways to
strengthen their immunity; the creation of green and water infrastructure in cities and suburban areas;
systems for objective monitoring of diseases and infectious agents affected by climate change, as well
as planning for the prevention of these diseases; ensuring the population's access to clean drinking
water and monitoring compliance with the technology of disinfection and purification. The study,
premised on this analysis, has provided several proposals for adaptive measures implemented while
designing a network of sports and leisure complexes in the architectural and urban planning aspects. It
is predicted that such measures will help visitors adapt to climate change.

It enables us to develop approaches for forming a future network of sports and leisure, taking
into consideration cities' changing climatic conditions.

Keywords: Ukrainian cities, climate change, athlete's performance, climate adaptation, the
network, sport and leisure complex.

Introduction. Climate (from the Greek Kiipa — slope) is the long-term pattern of weather in a
particular area. It is formed due to the interaction of cosmic, atmospheric, and terrestrial natural factors,
and together with other natural components, it creates a natural habitat. Together, these factors are
climatic, although more accurately they are called astronomical, modern climate-forming and
geographical factors.

The main astronomical, modern climate-forming and geographical factors include cosmic,
ultraviolet, light, thermal, and radio wave radiation which reaches Earth from the Sun and the stars;
temperature, humidity, mobility, atmospheric pressure, and other meteorological factors; chemical
composition of the air; electric, magnetic and gravitational fields of the Earth; geographic latitudes, the
height of the area above sea level, landscape zones; seasonal and daily periods. At the same time, the
characteristics of the climatic conditions of each region have their own peculiarities. In particular, in
order to characterize the climatic conditions that have developed on the territory of the Poltava region
(and neighboring regions), the most important is the magnitude and nature of solar radiation, the
remoteness of the territory from large water masses (oceans), relation of the territory to the zones of
predominantly Atlantic temperate and arctic cold air masses, flatness of the territory [1].

Modern construction and architecture, 2022, no. 2, page 9-19
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Throughout the course of history, human activity is clearly connected with the environment.
At first, it was a usual natural environment, which was gradually transformed to meet peoples’
various needs. In the end, it resulted in the appearance of a natural-anthropogenic environment.
Then, thanks to new technologies, certain types of artificial environments were created. Now it is
possible to divide environmental types according to the level of development or cultivation into
such types: natural, natural-anthropogenic (landscaping is added to the natural environment),
anthropogenic-natural (natural components are introduced to the artificial environment) and
artificial (used mostly at great depths of the sea or in space) [2]. Typically, architects work to create
or form natural-anthropogenic and anthropogenic-natural types of environment, which include the
environment for the full functioning of sports and leisure complexes in the structure of the city.

Most of the types of sports that are developed in sports and leisure complexes have appeared
through the interaction between people and the environment of the city. Skateboarding was first
invented in the 1950s in California, where surfers used schoolyard to simulate waves on days when they
were low [3]; The Parkour adventure began in France in the 1990s, in Lisses on the outskirts of Paris.
David Belle originally developed the Parkour concept according to precepts about the art of movement
laid down by his father Raymond Belle, who was a Parisian firefighter and veteran of the French
Special Forces. For them, Parkour was just a kind of training method to overcome all forms of obstacles
in urban and natural environments, such as forests [4]; Roller skiing was born from the training of skiers
in the summer months when there was no snow. The sport was born in Italy and Northern Europe in the
mid-30s of the 20th century [5]; Kickscooting (or extreme scootering), the first athletes of this sport,
appeared in the 1990s — early 2000s. This sport is based on two disciplines: street and park. In the park
discipline, athletes perform amplitude tricks in skate parks. And in the street discipline, the rider has to
do the sliding and jumping from the stairs on the natural landscapes of the city streets [6].

Finally, it can be argued that the development of sports inherent in sports and leisure complexes
also led to the emergence of special sports facilities that can serve as the basis for their further
improvement. However, until recently, the climatic conditions of the environment that affect these
objects were taken for granted, while the consequences of possible changes in the natural environment
were mostly ignored because it is known that sport and the environment have a two-way relationship
[7, p. 2]. In general, the data mentioned above indicate the relevance of issues related to the
vulnerability of Ukrainian cities to climate change and the introduction of sustainable methods for
adapting the network of sports and leisure complexes to the structure of these cities in particular.

Analysis of research sources and recent publications. The results of the research have their
own characteristics, a brief analysis of which showed the following. Monograph Boyko O. P.
"Leisure culture in a risk society" [8] is devoted to the research of transformational processes and
prospects for the development of leisure culture in a risk society. The author proved that leisure as a
phenomenon is ambivalent. On the one hand, recreational activity provokes and intensifies those
risky situations created by a human; on the other hand, it has powerful recreational potential. All of
these generate great interest in leisure activities in the modern world.

The conducted studies of Bogushenko A. O., and Khomenko I. A. regarding the vulnerability
of four cities of Ukraine (Kyiv, Odesa, Uzhgorod, Poltava) show that all cities have become more
vulnerable to increased temperature over the past twenty years [9, p. 12].

In general, scientists have already reached a global consensus that the climate has changed
over the past 150 years, mainly due to human activity. Global temperatures are increasing, rainfall
patterns are becoming more unpredictable, and sea level is rising. These trends are expected to
continue in the next decades. Depending on the geographical features of the location of the
settlement, the consequences of climate change can be various [10]:

— abnormally high temperatures lasting a certain amount of time and causing "urban heat
islands" and heat stress for residents;

— flooding and landslides;

— the increased vulnerability of urban green areas and their decline;

— natural hydrometeorological phenomena, increasing their frequency and destructive impact
on infrastructure;

Modern construction and architecture, 2022, no. 2, page 9-19
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— deterioration in the quality and a decrease in the quantity of drinking water in a certain area;

— an increase in the number of infectious diseases and allergic reactions among the
population;

— increased vulnerability of the energy systems of the settlement to destruction, which
disrupts the stability of the energy supply [9, p. 11].

Civil society and The International Committee of the Red Cross and Red Crescent Movement
play an important role in raising awareness of the authorities and the public about the risks of climate
change and encouraging people to act on those risks. The Climate Forum East is a project within the
six countries of the Eastern Partnership aimed at strengthening the capacity of civil society in its
interaction with decision-makers on these issues and encouraging the youth and local communities to
respond to challenges faced by their countries experiencing climate change [10, p. 4].

The signs of climate change mentioned above, affect urban residents differently, depending on
their gender, age, income, and physiological characteristics of the body. However, the presented facts
indicate that when considering the formation of a network of sports and leisure complexes (SLC) in the
structure of the largest cities of Ukraine, it is extremely important to pay attention to abnormal heat, the
vulnerability of urban green areas and disruption of the urban infrastructure. In many respects, the
success of reducing the negative impact of climate change on a person and the environment depends on
the effective architectural and urban integration of the SLC network into the structure of settlements.

Purpose and objectives. The purpose of this work is to determine adaptive measures for the
formation of a network of sports and leisure complexes in the structure of Ukrainian cities in the
context of climate change.

To achieve the goal, the following tasks were solved:

— analysis of studies on the impact of climate change on Ukrainian cities;

— analysis of works on the impact of climate change on the performance and health of athletes;

— existing measures are taken by sports organizations to adapt to the effects of climate change.

Methods. The main methods for achieving the set goal are terminological analysis, the
method of observation and analysis of modern scientific sources on the impact of climate change on
existing sports and leisure facilities, and physical activity and recreation (restoration of physical and
spiritual strength) of a person. Since the impact of climate change on sports and leisure facilities is a
poorly researched topic, therefore, there is no sufficient understanding of the scope and the nature
of the evidence presented in the literature.

The base material and results of research. Over the past 30 years, the Ukrainian
Hydrometeorological Center has recorded new climatic anti-records in most cities of Ukraine [9, p. 11].
The change in the maximum temperature during two periods (I— 1961-2005 and II — 2016-2019) in the
largest cities of Ukraine is in Kyiv from 38 to 39 °C, Kharkiv from 40 to 41 °C, Odesa from 40 to 41°C,
Dnipro from 40 to 41 °C, Donetsk from 39 to 41 °C, Zaporizhzhia from 40 to 41 °C, Lviv 36 °C (no
change) (Fig. 1).

Since 2019, it is no longer about changes, but also about a climate emergency (as defined by
the UN). The temperature has risen to 1.1-1.2 °C compared to the pre-industrial period (i.e. before
the 1850s). As Natalya Gozak, executive director of the Ecodia Center for Environmental
Initiatives, explains: "International experts say that when the temperature rises above 1.5-2 °C, it
will be difficult for humanity to lead a lifestyle which they are accustomed to. There will be
problems with water supply, droughts, and some regions will become uninhabitable™ [11].

The problem of increased air temperature and humidity worsens indicates that global warming
will reach 1.5 °C between 2030 and 2052, and approximately 3 °C in 2100, which will have a
devastating impact on cities [12]. This becomes one of the immediate issues in the formation of the SLC
network because these spaces are the main place for city residents to do sports and leisure activities or
spectating them. When the sports environment becomes too hot for normal physical activity, it can lead
to heat stress. In such a state when the body cannot cool down properly, therefore the internal
temperature of the body continues to rise to a dangerous level and key organs may suffer and gradually
reduce their functions. This also happens because a person cannot sweat because the air is too humid.
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Fig. 1. The maximum temperature, °C [9, p. 13]

Outdoor activities during periods of elevated ambient temperatures can lead to increased body
temperature and dehydration, which can cause heat exhaustion or heat illness. Risks of heat stroke
or heat illness while playing or spectating at sport competitions; these risks depend on both
environmental factors (e.g. hot weather) and personal factors (e.g., age, poor physical fitness, health
conditions) [13].

Thermal stress and thermal comfort were identified as possible risks for athletes in the sports
of cycling, tennis and football (these sports are presented in SLC). Researchers found that the
primary health consequences of thermal stress include heat exhaustion, heat stroke, and
hyperthermia. Due to prolonged exposure (i.e., playing sport outside in hot conditions) and the
physical exertion involved in sport, athletes may be at higher risk for experiencing heat-related
illnesses compared to spectators or the general population [7, p. 8] (Fig. 2).

The main goal of the formation of the SLC network is to provide high-quality, comfortable,
and affordable sports and leisure activities for all sectors of society. Such activities are aimed to
provide people with an opportunity to do sports in order to improve their health.

In the context of the pandemic, it was possible to observe how the importance of open public
spaces, namely the SLC, increased due to the necessity for people to stay at home, away from the
offices, or other premises [9, p. 24]. This indicates that sports and leisure spaces that are designed
without considering climate change will be harmful for visitors, such as calisthenics athletes (people
who do not do sport professionally, but what to be physically healthy and keep fit).

This paper draws attention to the impact of climate change on calisthenics athlete in the
context of the infrastructure of the SLC, located mainly within parks, squares, and recreational areas
of the city. Of course, not only athletes but also people with children can suffer from heat waves in
the open spaces of the SLC (in Ukraine, these are mostly women: mothers, grandmothers, nannies,
also people with disabilities, etc.). High temperatures, especially in summer, do not allow one to
feel comfortable while walking or cycling between poorly designed SLC spaces and will directly
affect the health of these people.
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Fig. 2. The reaction of the athlete's body to outdoor activities during periods of elevated ambient
temperature

It can be assumed that women and children are disproportionately affected by heat waves
within sports and leisure spaces, for example, on playgrounds without tall trees. In the current State
building codes of Ukraine (Change Ne2 DBN B.2.2-5:2011. Playgrounds. Improvement of adjacent
territories. Norms and Rules) and sports (DBN B.2.2-5:2011. Sports grounds. Improvement of
adjacent areas. Improvement of the territories) of the sites, landscaping of these spaces are already
envisaged. At the same time, these norms are designed for new sites. Currently, there are no control
mechanisms so that the sites built according to the old norms (DBN B.2.2-5:2011. Landscaping) are
updated and landscaped [9, p. 25].

Research shows that green spaces improve physical and mental health. For example, in areas
with a lot of trees, residents are less likely to get asthma. Comfortable green spaces encourage the
elderly and children to do sports. In addition, they create a therapeutic effect for people with mental
illnesses [14]. The disappearance of green areas will have a disproportionately negative impact on
athletes, as they are more dependent on comfortable outdoor sports and leisure areas.

The infrastructural changes differ based on the hazard, but range from adding shade or fans
along the course of a marathon route, to installing outdoor cooling technologies for open-air
stadiums, to building brand new facilities [7, p. 9]. Protection against overheating in the SLC
territory can include slowing down or pausing for a water break, changing equipment (e.g., to
reduce the number of layers worn [15]), or reducing the time for sports, which affects the
performance of the athlete.

Adaptation of the urban environment to climate change can be achieved in different ways. For
example, in the United States and some other countries, a system of measures to alert the public
about heat is widespread. It helps to reduce the negative impact of hot weather on public health. In
the world, measures are also used to reduce the negative effects of climate change on the health of
the population of large cities, in particular, this is the creation of a system for objective monitoring
of diseases and pathogens affected by climate change, as well as planning work to prevent these
diseases. Particular attention is paid to informing the population about ways to strengthen the
immune system to form the body's resistance as well as providing residents with access to clean
drinking water and monitoring water disinfection and purification technology. Furthermore, there is
a campaign to raise public awareness about the impact of climate change on the emergence of new
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allergens and the spread of certain diseases (their symptoms and giving first aid) [16].

In addition, calisthenics athlete need to be provided with water, and medical care on the
territory of the SLC, which may respond to the consequences of overheating or injury, and offering
athletes access to a cooling agent (e.g., cooling towel, mist showers [17]).

Infrastructural upgrades and equipment changes were also commonly invoked as an adaptive
strategy that may help sport organizations to manage the impacts of heat [18]. To prevent this, "cool
materials" are used in construction and arrangement. Such materials could lead to the decrease in
surface/ambient temperatures and thus significantly improve the thermal comfort in public spaces
[19]. At the same time, cold benches on the territory of the SLC, for example, may not be suitable
for use at low temperatures in winter.

The availability of drinking water sources at sports and leisure venues at high temperatures is
critical, especially for vulnerable groups such as athletes, children, the elderly, and people with chronic
diseases. The infrastructure of the existing SLC does not mainly provide access to drinking water. As a
result, people may not be able to buy water in a shop or cafe, and free water in drinking fountains may
be of poor quality and does not meet sanitary standards, and require the installation of filter systems.

In some cities there are systems of public pump rooms, but their water is not always of high
quality. According to the latest estimates of the communal enterprise Kyivvodfond, the water in the
pump rooms of Kyiv, for the most part, complies with the standards. At the same time, there are doubts
that such a check is carried out in other cities of Ukraine. The pump rooms are often the only source of
water for SLC visitors, in conditions of high temperatures, but it can be harmful to them [9, p. 25].

Today, some municipal infrastructure functions are being transferred to private commercial
institutions. This means that access to the basic needs of some people who want to spend their
leisure time outdoors is limited to a certain extent.

As an emerging literature, the most consistent thread across the studies is the importance of
benchmarking past and current conditions for sport and setting parameters around what is
considered safe playing conditions for competition. These parameters, once established through
further research centered on the health and safety of players and spectators [15, 17], will impact
adaptation requirements and innovation [18]. They could also impact the general organizing
principles of sport [7, p. 10].

An increase in the water level in rivers, lakes, and seas can harm the infrastructure of the SLC
in the structure of parks, squares, and waterfront area, and destroy it. In addition, staying in sports
and leisure spaces during bad weather or heat waves poses a threat to visitors, especially athletes.
For example, they cannot isolate themselves indoors, and may not have the means of
communication to report a threat to their life and health.

People on low often live in the outskirts of the city. Residents of peripheral areas have to use
additional means to get to SLC, spend more time on public transport, or use private transport
compared to residents of central areas who travel short distances on foot. Unlike residents of central
districts, who walk short distances, residents of peripheral areas have to use additional means such
as public or private transport to get to SLC. During periods of high temperatures, long journeys on
routes that are not adapted to climate change can cause heat stress or increase the likelihood of the
appearance and development of chronic diseases. Therefore, the network approach improves
conditions for residents of peripheral areas, since the uniform location of the SLC in the city and the
presence of green corridors connecting the SLC with each other will make the distance to the SLC
less time-consuming and more comfortable for visitors of these facilities.

In addition, frequent and unpredictable abnormal weather conditions cause the destruction of
trees and the reduction of green spaces as SLC is a part of these spaces. For example, flooding
erodes the ground under trees, exposing their roots. This makes the trees more vulnerable to strong
winds. As it was mentioned earlier, green spaces are important in sports and leisure facilities
because they protect people from overheating. In Ukraine, there is a separate state-building norm
regarding and flooding of structures (DBN V.1.1-25-2009. Engineering protection of territories and
structures from flooding). However, in sports facilities, not only buildings can be affected, but also
sports equipment in there.
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In many countries of Europe and the world, one of the ways to adapt is the creation of green
and water infrastructure in cities and suburban areas. This combination of water and plants is
beneficial way to respond to climate change. First, during heavy rains, green corridors, which are a
combination of water and plants, act like a sponge, absorbing large volumes of water when no
sewerage system can handle it. Secondly, dense tree planting holds back gusts of wind. Thirdly,
green spaces absorb carbon dioxide, thereby combating both the causes and consequences of
climate change [11].

The first part of the study reports on the impact of climate change on the performance and
health of athletes. It allowed us to compare existing data on the impact of climate change on the
athlete and their professional space. In addition, on the basis of this information [20], which
indicates the consequences of climate change by the middle of the 21st century in Ukraine, one can
understand how the city-planning capital of Ukraine will adjust to it. This made it possible to
hypothetically formulate adaptive measures for the formation of the SLC network in the structure of
cities (Fig. 3):

1. A further change in the thermal regime may have a significant impact on the Ukrainian
energy sector. The positive consequences of global warming for the energy sector may be a
decrease in a number of energy sources needed for sports facilities during the winter period [21, p.
25]. However, the optimum temperature for human life is on average 18-22 °C. Physical activity at
a heart rate of 140-150 mail/min is the most effectively done at a temperature of 16-17 °C. At a
heart rate of 170-180 mail/min the comfort zone for an athlete is 13-14 °C. Maintaining a
comfortable temperature regime for athletes during a hot season will lead to a partial increase in
energy consumption for air conditioning, thereby balancing energy costs.

2. Warming will lead to a significant increase in the mineralization of groundwater, and
consequently to their limited use. The reserves of drinking water with the temperature increasing up
to 2.5 °C practically will not change, but if it rises to, by 5-6 °C the reserves can decrease by 10-
15% [20, p. 19]. It is very important for athletes to replenish their water-salt balance and not cause
dehydration. Therefore, it is not only necessary to install drinking fountains on sports and leisure
grounds, but also to think in advance whether there will be enough supply from a separate source or
how to collect rainwater and purify it locally.

3. The best-case scenario of global warming (temperature increases up to 2.5 °C) will lead to
shorter and milder winters with a temperature of 2-3 °C and their reduction. With a temperature of
2.5 °C or more prominent warming in some regions, winters may disappear altogether [20, p. 20].

Changes in air temperature and precipitation will significantly affect the recreational
potential of Ukraine. A decrease in the amount of snow, the duration of the winter season will
significantly decrease the share of recreational activities during this period. As a result, it will lead
to unprofitability or incomplete use of the possibilities of winter sports facilities. Particularly
susceptible to rising temperatures are winter activities in the Carpathian recreational region due to
the melting of snow cover and extreme weather conditions [21, p. 25-26]. This encourages people to
show greater interest in developed sports and leisure spaces in the region. A wider range of services
offered by the SLC should be planned for the future.

4. The greatest peak of recreational activity will be observed in summer in July-August.
However, an increasing number of hot days may encourage some potential holidaymakers to change
the time of their vacation and spend it in other regions that are outside Ukraine [21, p. 26]. This
stimulates owners to include water bodies in the SLC and provide other services such as (e.g.,
catering in restaurants, and cafes). It is also well-known fact that when preparing for competitions
in a hot climate, you need to train in similar conditions for 10-14 days. This information gives an
understanding that it is necessary to inform and instruct the population how to prepare for a hot
season.

5. The expected increased temperature will lead to the instability of the snow cover and a
decrease in the proportion of rivers fed by meltwater. In the worst case scenario, this will lead to the
shallowing of many small rivers in the mountainous and foothills. In summer, the situation is
somewhat better, as the total water loss is replenished by frequent rains and an increased proportion
of rivers which are fed by underground sources. Therefore, the most resistant to climate change will
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be the rivers with underground springs. Intense rain floods will have a significant impact on runoff.
The total value of river runoff may decrease in the northern regions by 5-7 %, and in the southern
regions by 15-30 % [20, p. 20].

The situation with small rivers can become especially threatening, most of which are fed
mainly from meltwater, and 80 % of their river runoff is during spring floods. As a consequence of
global warming, many of these rivers may cease to exist due to a decrease in snow reserves, and
floodplains will disappear along with them, which will mean the deprivation of a significant amount
of moisture that these floodplains retain throughout the year [20, p. 20].

Global warming will unequivocally lead to an increase in the sea level of the Black and Azov
Seas, which in turn will intensify the processes of coastal erosion, flooding and salinization of soils
in the Black Sea region, and wil also lead to significant changes in the ecosystems of the estuaries
of the Danube, Dnieper, and Dniester [20, p. 20]. Therefore, the location of the SLC, which in
practice gravitates towards water sources, should be near rivers with underground springs and have
a certain radius of indentation from the coastline.

MAINTAINING A COMFORTABLE
TEMPERATURE REGIME FOR ATHLETES
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Fig. 3. The main adaptive measures for the network of sports and leisure complexes in the structure
of Ukrainian cities in new climatic conditions

The adaptation of the SLC network in the structure of Ukrainian cities provides steps that
allow visitors to adapt to changes:

— first of all, you should understand that there are already changes. It is necessary to estimate
vulnerability assessment of the city to climate change so that scientists analyze and work out several
scenarios (climate change adaptation and mitigation plan);

— if earlier we considered streets, roads, and houses as urban infrastructure, now we need to
add water-green objects to them, in this case, green corridors (a combination element between the
SLC), because they act as a full-fledged engineering system. Such zones will be green reservoirs of
clean and cool air in summer and will soften the microclimate in winter [11];

— in terms of regulatory support, the development of a green space should be regulated, since
it contributes to the improvement of the physical and mental health of the population. The
percentage of SLC developments in the structure of green spaces should be no more than 30%;

— drinking water supply at sports and leisure facilities with further monitoring of water
quality;

— access to a cooling agent (e.g., cooling towel, mist showers) and water spaces (e.g.,
swimming pools);

— adding shade or fans along the routes to SLC and around sports areas;

—use of appropriate materials for sports equipment;

— there should be a system of measures to alert the public about heat waves.
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Conclusions. In the course of the study, certain general results can be pointed out. The main
of which are stated further.

Among the factors selected for this analysis were the magnitude and nature of solar radiation,
the remoteness of the territory from large water masses (oceans), the relation of the territory to the
zones of predominantly Atlantic temperate and arctic cold air masses, and the flatness of the
territory. According to environmental types based on the level of development, it was advisable to
choose natural-anthropogenic and anthropogenic-natural types of environment, which include the
environment for the full functioning of the SLC in the structure of the city.

An analysis of the results of recent studies that have already been published showed that the
largest cities of Ukraine have become more vulnerable to climate change in the last years of the 21st
century, where the absolute temperature maximum of cities has risen by an average of 1 °C. This
sparks scientists’ interest in studying the problems of transformational processes and the prospects
for the development of a leisure culture in the abnormal heat, the vulnerability of urban green
spaces, and disruption of the functioning of urban infrastructure. One of the promising solutions for
overcoming the negative impact of climate change in Ukrainian cities can be the effective
architectural and urban integration of the SLC network into the structure of settlements. Such a
system of SLC allows the population to adapt to new climate changes and survive in these
conditions. In addition, it lets us divide cycling routes according to their actualization and necessity
in the new conditions.

Also, the study revealed that outdoor sports activities during periods of high ambient
temperature can lead to thermal stress, which is caused by humid air, high ambient temperature, and
personal physical abilities of the visitor. This indicates that the existing sports and leisure spaces are
not adapted to climate change. They do not have air conditioning systems, shady awnings, and
access to drinking water.

In general, the quality of existing open sports and leisure spaces will only deteriorate in the
future due to rising temperatures, the destruction of green spaces, and other abnormal weather
events (flooding, hurricanes, fires). Therefore, when implemented, the results of the study (the main
adaptive measures for the SLC network) allow visitors of these spaces to adapt to climate change.
The expansion and research of a more accurate list of adaptive measures for the formation of a
network of SLC in the structure of cities is the prospect of further scientific developments.
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PO AJAIITAIIIO MEPEXKI CHHOPTUBHO-1O3BL/INIEBUX KOMIIJIEKCIB
MICT YKPAIHM 10 3MIHU KJIIMATY
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Xapxiscokuil HayionanvHull yHigepcumem micbko2o 2ocnodapcmea imeni O.M. bexemosa
Bys. Mapmaia baxanosa, 17, m. Xapkis, 61002, Ykpaina

Anortanisi. KimiMatnuHi 3MiHM, 110 BiIOYyBalOTHCS CHOTOJIHI B IUTAHETAPHOMY MacITaoi,
CTalOTh BUKJIMKAMU JJIS1 yCIX MEIIKAHI(IB IJIAHETH, B TOMY YMCIII i JUIS )KUTEIIB YKPaiHCHKUX MICT.
3 noriaqy Ha Ii OOCTaBMHM BIPOBA/XKEHHS HOBHUX METOAIB (hOpMyBaHHS IX CepeloBMILA, 10
BiJITIOBIJaTUMYTh HOBHM YMOBaM, € BEJIbMU aKTYaJIbHUM. Y CTATTi pO3TJISTHYTO BJIHMB 3MiHH KIIiMaTy
Ha peKpealiiiHi MpOCTOPU YKPATHCHKUX MICT B KOHTEKCTI PO3MIIIEHHS HAasBHUX CIOPTHUBHO-
J03BULIEBUX TPOCTOpPiB Ta iX Onaroyctpiii. Tako MNpHIUIEHO yBary BIUIMBY TEMIIEPAaTypHO-
BOJIOTICHUX XapaKTepUCTUK PEKpeallifHOro CepeloBHUINA Ha pe3yJbTaTUBHICTh CIIOPTCMEHIB Ta
CTaH iX 370pOB’sl.

3araniom B poOOTI BHUSBJICHO Ta CHCTEMAaTH30BAaHO TMO3UTHBHI Ta HEraTHWBHI HACIIIKU 3MIHU
KIJIIMaTy JJIS PO3BHTKY MEpEXi CIIOPTUBHO-IO03BULIEBUX KOMIUICKCIB Ta criopTcMeHiB. OCHOBHUM
(dbyHIaMEeHTAJIbHUM HACJiJIKOM € Te, 1[0 CIIOPTUBHA aKTUBHICTh Ha BIIKPUTOMY MOBITpI y Nepioau
MiABUIIEHOI TEeMIIepaTypyd HAaBKOJHUIIHBOTO CEPEJOBUIA MOXKE TPU3BECTH CIIOPTCMEHA 0
TerioBoro crpecy. Lle cBiAuuTH Mpo Te, IO ICHYIOYI CIIOPTUBHO-I03BULIEBI KOMIUIEKCH HE €
aJlanTOBaHUMHU J0 3MiH KIiMary. Y poOOTi po3riisiHyTi HasBHI Y CBiTi MPAKTUYHI IUIAXH aJarlTarii
Cepe/loBHILA MiCTa 10 KIIMAaTUYHOI 3MIHM: CUCTEMA 3aX0/1iB 3 OMOBILICHHS HACEIECHHS PO CIEKy Ta
1HQOpMYBaHHSI HACEJIEHHSA MPO CHocoOM 3MIIHEHHSI IMYHITETY; CTBOPEHHS 3€JI€HOi Ta BOJHOI
1HQPACTPYKTYpH MICT 1 TO3aMICBKUX TEpUTOPIM; Taki 3aX0oAW SK CHUCTEMH OO’ €KTHBHOIO
MOHITOPUHTY 3aXBOpIOBaHb Ta 30yJHMKIB 1H(EKLIH, Ha SKi BIUIMBAE 3MiHa KJIIMaTy, a TaKOX
IUTaHYBaHHS poOOIT 3 MPOQUIAKTUKM LUX 3aXBOPIOBAHb; 3a0€3MEUEHHS JOCTYIY HACEJIeHHS /0
quCcTOi MUTHOI BOJAM Ta 3/A1MCHEHHS KOHTPOJIO 3a JOTPUMAHHSAM TEXHOJIOTI 3HE3apakeHHs Ta
OuuIleHHs Boau. Ha OCHOBI 1bOro aHamizy HaJAaHO HU3KY MPOMO3MIINA 111070 BIPOBAIKEHHS
aJIalITUBHUX 3aXOJiB TPH OpraHizamii Mepexi CHOPTHUBHO-I03BIJUIEBUX KOMILJIEKCIB B
apXiTeKTypHO-MICTOOyAIBHOMY acmiekTi. [IporHo3yerbcs, 1O Taki 3axOAW  JOTIOMOXYTh
BiJIBilyBa4aM MPHUCTOCYBATHUCA IO KIIIMATUYHHUX 3MiH.

Haganmi ne no3Bosisie BM3HAUUTH MiAXOAW A0 (GOpMYyBaHHS TMEpPCHEKTUBHOI Mepexi
CIOPTHUBHO-/I03BUIIEBUX KOMIUIEKCIB B CTPYKTYPi MICT B HOBHX YMOBaX.

KuarouoBi ciaoBa: ykpaiHChKI MicTa, 3MiHA KJIMary, pe3ylbTaTUBHICTh CIOPTCMEHIB,
KJIIMaTUYHa aJanTallis, Mepexa, COPTUBHO-103BUIJIEBUIA KOMILIEKC.
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Abstract. Children's architecture is a means of education and development of the necessary
skills, harmonious physical growth and health of the child. In this regard, the architecture of
children's facilities nowadays is understood as an independent factor of education, which has a
direct connection with the initial educational process and comprehensive development of the child.

The purpose of the article is to consider the role of the architectural environment in the
upbringing and development of the child's personality, its influence on the effectiveness of the
educational process. To determine the means of architecture that affect the feelings, emotions, age
and characteristic features of children, as well as to form methods of organization and planning of
children's developmental and educational spaces.

Children's space is one of the main educational and developmental sources, which should
arouse interest, joy and excitement, ensure a safe and comfortable stay. Today, the rapid
development of media and information technologies affects the child's recreational and play space
in a new way. Sounds, shapes, colors, materials and various factors determine the organization of
the play space. With the development of technology in modern conditions, children's environments
are constantly changing and taking on new forms. The old outdated methods of forming the playing
space are no longer modern enough and do not meet the current requirements for the competent
development of the child. A properly organized environment shapes the child's perception,
encourages him to learn about the social and material world. From the point of view of doctors and
psychologists, the playing environment is an integral part of a child's healthy development. The
process of play is important at all stages of growing up. The architect is also a leading expert in
creating a competent play environment for learning and raising a child. Properly organized space,
shape, color, texture — all this forms the child's personality. It is important to maintain the balance
of the game and the educational structure in the formation of the interior of the game environment.

As a result, global examples of children's developmental environments and existing ways of
organizing educational and educational processes were analyzed, and architectural methods of the
child's perception of the surrounding environment, which contribute to adaptation in space, were
revealed.

The conclusion proves the importance of the influence of the architectural environment on
children's behavior; the importance of forming the correct volumetric and spatial composition of the
developing environment and creating a favorable environment for children.

Keywords: friendly city, children's urban space, game environment.

Introduction. The reverse side of urbanization in the form of densification of urban development,
destruction of green areas, loss of social ties between residents of the same house or neighborhood,
increased motorization stimulated the social demand of the city to transform its environment, increase
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the degree of comfort and safety, accessibility of social facilities, social communications with people —
both with adults and with children and young people. In connection with this, phrases such as "friendly
urban environment", "benevolent urban environment”, "city of harmonious development", "'city suitable
for life" and others are increasingly appearing in public rhetoric [1].

The space in which a child grows up has always had a significant meaning and influence on
the formation of personality. The child perceives the surrounding world in his own way, and in the
process of this perception, the future personality is formed. Thanks to the play space, the child gets
to know not only himself, but also the people around him, learns to interact with the surrounding
world. Children reproduce a picture of the world with the help of game action, and in this game they
learn about life forms. Today, the rapid development of media and information technologies affects
the child's recreational and play space in a new way. Sounds, shapes, colors, materials and various
factors determine the organization of the game environment. With the development of technology in
modern conditions, children's environments are constantly changing and taking on new forms. The
past outdated methods of forming the playing space are no longer modern enough and do not meet
the current requirements for the competent development of the child. Properly organized space,
shape, color, texture - all this forms the child's personality. It is important to maintain the balance of
the game and the educational structure in the formation of the interior of the game environment. A
properly organized environment shapes the child's perception, encourages him to learn about the
social and material world.

Analysis of recent research and publications. The scientific and methodological basis of
the study was the work related to the justification of the concept of balanced development of cities
and the development of appropriate methods and norms of urban planning, which are based on the
results of research by such scientists as: Yu.M. Bilokon, M.M. Gabrel, V.L. Glazyryn, M.M.
Demin, O.l. Yefimov, E.O. Smirnova, |.A. Ryabkova, B.S. Cherkes. The social situation of
children's development and the influence of the environment on identity problems are devoted to
the works of L.S. Vygotsky, D.B. Elkonina, H.M. Andreeva. Research related to the organization of
entertainment and children's playgrounds in an urbanized environment was carried out by: G.
Beltzig, M.Ya. Basov, L.S. Vygotsky, A.B. Zalkin, S. Solomon, M. Sudarsana, L. Tai, S. Talpaid,
D.N. Uznadze, J. Frost, D. Hynes.

Relevance of research. The development of the child's brain occurs as a result of interaction
with the environment, which is possible due to motor activity. If the volume of spontaneous
movements in a child's life is sharply reduced, he finds himself in a risk group: his body and brain
cease to cope with elementary everyday tasks.

Every year, the number of children with developmental disabilities and learning difficulties is
increasing in the world; children begin to walk and talk later, learn self-care skills with difficulty;
students do not cope with the elementary school curriculum. In recent decades, there have been
negative changes in other areas of children's development as well: in the report of the World Health
Organization for 2018, it is noted that every fifth child in the world aged 5 to 19 years is overweight
or obese, physical activity is 80% children is recognized as insufficient.

If in adults, vestibular disorders are manifested primarily in the form of dizziness and
disorientation, in children, congenital vestibular dysfunctions prevent the full development of the
brain and lead to a delay not only in motor, but also in cognitive development. A child with such
disorders faces a number of difficulties in life, which change with age, but do not disappear.

Research methodology. A problematic analysis of theoretical propositions in urban planning,
sociology of cities and the perception of the urban environment through the eyes of a child was
carried out. The empirical basis of the study was made up of the analysis of documentary sources —
regulatory and legal documents, data from specialized periodicals, Internet publications, materials
from information portals, and secondary analysis of research materials by other authors on the study
of social space for children.

The aim of the study. Based on the analysis of the global experience of creating and adapting
children's spaces in the city, give a clarification of the concept of “child-friendly city” and
approaches to determining the quality criteria of children's urban environment.
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Basic material. Everyday life of children takes place in specific physical spaces. Children's
daily lives flow because children live in a stream of time that slips as they find other places. Time
and place are central categories in the conceptualization of the transitory, ordinary nature of a
child's everyday life [2, p. 155].

A child-friendly environment consists of many factors. It should correspond to the growth,
weight and other parameters of the child's body; encourage interaction with nature and more
movement; adapt equally well to the needs of a specific child and all children in general (Fig. 1). At
the same time, the solutions can be different — from interior and architectural to management.

Children's needs

Primary needs Secondary needs

satisfaction of the subject satisfaction of the subject
content of needs content of needs

} !

Internal direction of External direction of

Sociogenic basis of Psychogenic basi; of Biogeuic. basi.s of
needs (social needs) needs (psychological 4% needs (biological
needs) needs)
i — y
The need for Cognitive Emotionally
oo The need for P .
communication 4™ adult attention ~a-—» developmental kinesthetic
need need

Fig. 1. Consume preschool kids

Playgrounds are not a set of random children's zones; they should complement each other
from a neurodynamic point of view. Children will be able to move from yard to yard, and their
development will be versatile [3, p. 30].

Any environment realizes itself through the level of design decisions, through the objects
included in it as elements. The game environment includes: a playing field, game equipment, toys,
game paraphernalia, game materials necessary for a child's game activity. In urban buildings,
children "find everything already organized and adapted to the functional needs of adults” [4].

A child needs a choice of different game simulators to stimulate the vestibular, tactile,
proprioceptive, auditory, and visual systems. When it comes to simulators that stimulate different
types of motor activity, it is necessary to take into account the lack of equipment that allows you to
include an element of risk in the game, which is very important for a child, especially for children
over the age of 7. Children at this age are agile and inquisitive, they are overcome by a thirst for
strong sensations. This feeling can be given by various options of complex rope “climbing houses"
located at a height, or a strong but transparent tunnel between steel wire towers.

The creation of game landscapes, that is, the artistic modeling of the terrain, is performed by
means of geoplastics using artificial rubber coatings, natural lawn and other building materials [5].

The use of horizontal, vertical and horizontal-vertical zoning methods allows you to highlight
levels of difficulty for children of different ages. It was found that the complexity of the volumetric-
spatial solution depends on the architecture of the public institution, which determines the
constructive features of the children's environment. The generalization of foreign and Ukrainian
design experience made it possible to distinguish the methods of environment formation:
monovariant design (use of unchanged stationary equipment and integral subject content) and
variant design (availability of three-dimensional objects and modules). The variety of design
solutions is achieved thanks to the variant design method [6, p. 12].
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On the terrace of the Marmara Forum shopping center in the Istanbul district, an ensemble of
assembled white spheres invites children to climb, roll down a hill and relax in a forest of
hammocks (Fig. 2). The project, known as Cloud Playground due to the bulbous shape of the
structures that look like clouds hanging over the building, was designed by the Amsterdam studio
Carve. The limited area and location of the space — at a height of 24 meters above the street level —
became the starting point of the project for the architects. Instead of a horizontal extension of the
playground, the Carve studio looked for vertical forms with significant volumes that children can
explore from within [7].

The peculiarities and diversity of the formation of children's spaces are based on the
"scenario” approach and associative interpretation to their design. When designing each specific
zone in the children's center, first of all, "scenarios" should be taken into account: functional
processes, activities, possible behavioral patterns inherent in adults and children in this space. For
example, the interior of children's centers has several scenarios: 1. An educational institution with a
profile specialization, such as urban economy, may have an image of the city and urban
infrastructure — public transport, lighting, landscaping. It is not necessary to reflect the image of a
particular city, it is possible to use conceptual architectural and artistic means, associative images of
the city of the future or a magical city, a fairy-tale world. 2. On the other hand, if the institution
does not have a certain specialization, it is necessary to create an interesting image that will reflect
certain trends in the children's world — fairy tales, cartoons, etc. However, the peculiarity of such
children's centers is not only to provide relevant services and ensure gender equality among adults
and children, but also to play an educational role for the next generation. The educational role is to
orient the specialized children's space to the living conditions — what their parents do, perhaps, what
their future is connected with [8, p. 95].

Closeness to nature has a positive effect on people at any age and is especially beneficial for
children. They are more sensitive to the environment. Architects of the Vietnamese bureau VTN
Architects took this into account when designing a kindergarten in Bien Hoa. The roof of the
building almost completely occupies the garden, where 500 pupils acquire the first skills of caring
for the natural world (Fig. 3).

Here they are taught the basics of agriculture. Products grown on the farm are collected and
sent to the kindergarten kitchen. The two-story building "rolled into a knot™ is designed for 500
preschoolers aged 2 to 5 years. Energy-saving technologies are used in the construction, which
means that the building does not take resources from the city's ecosystem, it gives them back [9].
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Fig. 3. Kindergarten in Bien Hoa

Typical solutions are not suitable for children even within the same age and social group.
Children are more willing to interact with a space that is more amenable to change. One of the
successful examples of this approach is the playground designed by the British Bureau Assemble in
the Architectural Gallery of the Royal Institute of British Architects (RIBA) (Fig. 4). The play
space is created using colorful modules made of recycled polyurethane foam. The lightweight
material makes it easy to move these elements and its surface is easy to clean.

The considered space of the play environment and the conditions for the formation of children's
artistic outlook allow us to assert that the properties of the subject-spatial environment are not reduced
only to the sum of the objects that make it up. Space contains a length, a real or imaginary measure,
which can be explored through color sensation, through light, sounds, melody, the feeling of silence,
the shape of an object, architectural space, natural landscape. Thus, we consider space (environment)
as a way of immersing the child in the real actions of the environment through art, which allows
children to develop imagination, diversity of impressions, thoughts [10, p. 203].

Fig. 4. Playground designed by British Bureau Assemble in the Architectural Gallery of the Royal
Institute of British Architects (RIBA)

The game environment is a system of material objects of the child's activity that functionally
model the content of his physical and spiritual development. It performs a responsible function, it
encourages play, forms imagination and acts as a material center of the child's thought. The
category “"play environment" is understood as a part of the space that is already mastered and
understandable for staying. "Even significant ensembles are designed as a kind of large-scale spatial
design, and their functional content is designed as an independent design environment formed by
engineering and technical components™ [11].

Any element of the environment that stands out in the physical space is simultaneously in the
material and mental realities. The comfort of the urban environment is determined by the presence
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in it of elements and properties that give a person a sense of the necessary physical, psychological
and social well-being, comfort [12].

Conclusion. A child-friendly city is a child-oriented city, it has space for safe and
comfortable living of a child, it is equipped not only with children's infrastructure facilities, but also
with spaces for independent children's mobility. It is also a city where children can participate in
shaping the children's urban environment.

The main tasks in the adaptation of the urban environment to the needs of the child are to
meet the interests and needs of the child, to ensure the development of the child, to implement their
own initiatives, to make independent decisions, to develop creative abilities.

It can be concluded that comfortable conditions of the urban environment determine the
formation of a specific system of values in the younger generation, while public institutions and the
state of the urban environment largely determine the direction of socialization of the child. The
problems of the influence of the urban environment on the personality, especially the personality of
the child, remain poorly researched and difficult to solve. Further research in this area will improve
the quality of the urban environment and develop proposals for the formation of a more child-
friendly environment.

References

[1] Deklaraciya ta plan dij. Svit, pridatnij dlya zhittya ditej. Rezolyuciya S-27/2 special'noi
sesii General'noi Asamblei OON (May 10, 2002). Oficijna storinka OON. [Online].
Available:  https://www.un.org/ru/documents/declconv/declarations/worldchild.  shtm
Accessed on: October 23, 2022.

[2] K. Rasmussen, "Places for children — Children’s places", Tanjong Malim: Childhood, vol.
11(2), pp. 156—173, 2004.

[3] O.1. Efimov, Detskie ploshchadki budushchego. Nejrodinamicheskij podhod k sozdaniyu
igrovyh prostranstv v gorode. Sankt-Peterburg: «INTEKO», 2021.

[4] S. Chatterjee, "Children’s friendship with Place: A Conceptual Inquiry", Children, Youth
and Environments, no. 15(1), pp. 15—16, 2005.

[5] Zakordonnij dosvid blagoustroyu teritorii dityachih majdanchikiv. [Online]. Available:
https://studwood.net/1839665/nedvizhimost/zarubezhnyy opyt_blagoustroystva_territorii
_detskih_ploschadok. Accessed on: October 23, 2022.

[6] YU.S. Bondarchuk, "Principi proektuvannya dityachogo igrovogo prostoru v zakladah
gromads'kogo priznachennya", avtoref. dis. na zdobuttya nauk. stupenya Kk-ta.
mistectvoznavstva.: 17.00.07, Harkivs'ka derzhavna akademiya dizajnu i mistectv.
Har'kiv, 2017.

[7] Zohra Khan, "Carve studio creates modular clouds as a unique playground for children in
Istanbul”, STIR World, no. 12. [Online]. Available: https://www.stirworld.com/see-
features-carve-studio-creates-modular-clouds-as-a-unique-playground-for-children-in-
istanbul. Accessed on: October 23, 2022.

[8] H. Woolley, J. Dunn, C. Spencer, T. Short, and G. Rowley, "Children describe their
experiences of the city center: a qualitative study of the fears and concerns which may
limit their full participation™, Landscape Research, no. 24, pp. 287-301, 1999.

[9] "Dityachij sadok — proobraz arhitekturi majbutn'ogo". [Online]. Available:
https://sad.ukr.bio/ua/articles/7222/ Accessed on: October 23, 2022.

[10] K. Korpela, Children’s environment. Handbook of environmental psychology. New
York: John Wiley and Sons, 2022.

[11] "Detskie igrovye ploshchadki Velikobritanii*. [Online]. Available:
http://tehne.com/node/5446. Accessed on: October 23, 2022.

[12] YU. S. Hristyuk, "Aspekti vzaemodii sistemi «ditina — dityache seredovishche —
gromads'kij prostir»", Visnik Harkivs'koi derzhavnoi akademii kul'turi, vol. 3, pp.112-
113, 2013.

Modern construction and architecture, 2022, no. 2, page 20-26

25


https://www.un.org/ru/documents/declconv/declarations/worldchild.%20shtm
https://studwood.net/1839665/nedvizhimost/zarubezhnyy_opyt_blagoustroystva_territorii_detskih_ploschadok
https://studwood.net/1839665/nedvizhimost/zarubezhnyy_opyt_blagoustroystva_territorii_detskih_ploschadok
https://www.stirworld.com/author-zohra-khan
https://www.stirworld.com/see-features-carve-studio-creates-modular-clouds-as-a-unique-playground-for-children-in-istanbul
https://www.stirworld.com/see-features-carve-studio-creates-modular-clouds-as-a-unique-playground-for-children-in-istanbul
https://www.stirworld.com/see-features-carve-studio-creates-modular-clouds-as-a-unique-playground-for-children-in-istanbul
http://tehne.com/node/5446

26

ARCHITECTURE
OCOBJIMBOCTI AJATITAIII MICBKOT'O CEPEJJOBHUIIA ITI] IOTPEBU JUTUHU

'KucensoBa I'.B., cT. BUKIIagay,

kiselisa@ukr.net, ORCID: 0000-0002-0398-6413

'Kucennon B.M., crapuuii BUKJ1aiad,

maketlab@ukr.net, ORCID: 0000-0002-3900-5744

LlicoBa A.IL., CTYJICHTKA,

annartist2001@gmail.com, ORCID: 0000-0003-2731-8767
'Kaannka B.M., cryneHTka,

kalinkavarvara@gmail.com, ORCID: 0000-0002-5314-496X
Y00ecvira deparcasna axademis Gydisnuymea ma apximexmypu
Byn. [Hinpixcona, 4, M. Oneca, 65029, Ykpaina

Anortanisi. CTpiMKe 3pOCTaHHsI MICT, IHTEHCH(]IKAIlsl MICBKOTO XHUTTS, 3HUKHEHHS JIITEH 3
MICBKUX OCI0 Ta MOMIIIEHHS iX Yy 3aXHIIEHI MIChKi KUTTSI MPOCTOPY Y MOEAHAHHI 3 BKIIOYECHHSIM
MOJIOJII IO MICBKHX IPOIIECiB, TIOIIEBUM HAITOBHEHHSIM MICHKOTO CEPEIOBHUIIA, YBArok CYCIUILCTBA
Ta JepKaBH JI0 MAJIOMOOUIBHUX TPYH TOPOASH — Ie Ta 0arato iHIIOTO MiATPUMYE HEBIracaro4ui
JOCITITHULIBKUH 1HTEpEC 10 MicTa.

B crari HaronomyeThcs MpodIeMaTuKa «JIPYKHOCTI» MICBKOTO CEpEOBHINA 0 AIiTEH, apKe
IHTEHCUBHU COLI1aJbHO-€KOHOMIYHMI PO3BUTOK KpaiHM HEMOXKJIUBUM 06€3 3pOCTaHHs TBOPYOTO Ta
MOpPAJILHOTO TIOTEHINay i rpoMajsH, 6€3 PO3BUTKY iXHBOI aKTHBHOCTI, 1HIIIaTUBH, 3110HOCTEH.
@dopMyBaHHS LMX Ta LJIOro psAAY IHIIMX SKOCTEH BiIOYBA€TbCs B OCHOBHOMY B JIUTSYiI POKH HE
TIIBKH Yepe3 LiIeCpsIMOBaHY pOOOTY IIKOJIH, YCTAaHOB AOAATKOBOI OCBITH, ayie IIe i aKTHBHOMY
BUKOPUCTaHHI JITbMU MICBKOI'O CEpelOBHINA: I'pa Ha AUTAYOMY MaillaHUYMKy, aKTHBHA BUIbHA
IUTA4a MOOLIBHICTE Ta 1HIIIE.

barato nocnigHUKIB BiI3HAYAIOTh ICHYBaHHS Y MICBKOMY CEpPEJOBHILI OKPEMHUX OEe3MeYHHX
TUISTHOK JIISL JITEH — «OCTPIBIIBY» 3aXUIICHOTO Ta KOM(OPTHOTO IUTHUHCTBA. Y TOU JKe dac,
HEPEMIIIEHHs] MK TaKMMHU «OCTpPIBISIMU» OyBae JOCUTh HeOe3neuHo Ans nuTuHuU. Lle BUKIMKae
3BY)KEHHS TIPOCTOPIB BUTBHOT ITUTsU0i MOOLTBHOCTI. Ha akTUBHICTH qUTSI901 MOOITHHOCTI BILJIMBA€E
TaKOX HEMPUCTOCOBAHICTh MICHKHUX I'POMAJCHKUX MPOCTOPIB, a caMme, BIJCYTHICTh BEIOIOPIKOK,
3allOBHEHHS  HAsBHUX  BUIBHUX  TEpPUTOPIM  (Hampukiaza, NpuOyIMHKOBUX  IPOCTOPIB)
aBTOTPAHCIOPTOM, HEOOIaqHAH] IUTAY1 MaliIaHYNKH, BIACYTHICTh CIIOPTUBHHUX MailIaHYUKIB.

Jlutsiya apxiTekTypa — 1€ 3aci0 BUXOBaHHS 1 PO3BUTKY HEOOXIAHUX HaBHUYOK, TaPMOHIHHOTO
(b13MYHOTO POCTY 1 3/0POB’Sl AUTUHH. Y 3B’SI3KY 3 LIUM apXiTeKTypa JUTAYMUX 00’ €KTIB B HAII yac
PO3YMIETHCS SIK CAMOCTINHUN (haKTOp BUXOBAHHS, KM Ma€ 0€3MmocepeiHii 3B’ 30K 3 MOYATKOBUM
y4O0OBUM IPOLIECOM 1 BCECTOPOHHIM PO3BUTKOM TUTHHHU. JUTSuuil mpocTip — OJHE 3 OCHOBHHUX
OCBITHIX Ta pO3BUBAIOUUX JKEpeN, $KI MOBUHHI BUKIMKATH 3alliKaBJIEHICTb, padiCTb Ta
XBWJIIOBaHHS, 3a0e3neuyBaTtu Oe3nedHe Ta KoMGopTHe mnepeOyBaHHSA. 3 TOUKHM 30py JIKapiB Ta
TICHIXOJIOTIB IrPOBE CEepeIOBUINE — I HEBiJl'€MHA YacTHHA 3J0POBOTO PO3BUTKY muTHHU. [Iporec
IpU BOXJIMBUIM Ha BCIX eTamax JOPOCHTIIIaHHA. ApPXITEKTOpP TaKOX € MPOBIIHUM (axiBiem y
¢dbopMyBaHHI TPaMOTHOTO IrPOBOTO CEPEIOBHINA JIJIsl HABYAHHS Ta BUXOBAHHS AUTHHH.

K1r040Bi cj10Ba: 1pyxHe MICTO, TUTSAYIA MICBKHI MTPOCTIp, iIrpOBE CepelOBUILE.
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Abstract. The research object of this scientific work is the massive concrete structures of
underground low-deep transport tunnels, reinforced with steel and non-metallic composite
reinforcement. Circular-section tunnels with the frame nominal diameters of 5, 10 and 15 m are
considered.

The subject of the research study is the assessment of the averaged carbon footprint in both types
of the constructive solution throughout their entire life cycle. The presented research is due to the need
to implement the European Climate Law (the European Green Agreement. At the same time the Paris
Agreement (2016) recommends to stop producing and using carbon steel in construction by 2030. The
ecological impact of both types of transport tunnels is expressed in the form of carbon footprint, as the
equivalent of carbon dioxide emissions, which is calculated separately for each stage of their existence
in accordance with the current European Codes, including the recommendations of the proprietary
methodology.

To determine the required sizes of the tunnels concrete frames and their reinforcement, the
numerical routine (Bs) experiment was carried out in PLAXIS software complex in accordance with
the current regulations.

Averaged according to three different diameters and generalized carbon dioxide emissions
during the life cycle of the reference structure (type 1) and proposed one (type 2) of the
underground transport tunnel with the length of 1 m.p. were, respectively, 15.97 t CO, eq and
11.551t COzeq, i.e. decreased by almost 1.4 times.

The conducted research made it possible to analyze the carbon dioxide emissions into the
atmosphere, to systematize the existing factors and impact factors of the specified building on the
environment, and to determine the ways of their reduction. The possibility and expediency of using
basalt-plastic reinforcement instead of steel in monolithic concrete structures, incl. transport
tunnels, according to the criterion of reducing greenhouse gas emissions are proved.

Keywords: carbon footprint, carbon dioxide emissions, underground transport tunnel,
monolithic heavy concrete, steel and non-metallic composite reinforcement, construction life cycle,
stage, information group (module).

Introduction. In 2015, 193 UN member nations recognized the undisputed success of the
Millennium Development Goals Program until 2015, adopted by the UN General Assembly in 2000,
and the need to adopt a new agenda. At the beginning of August that year, they reached the consensus
and adopted the final document "Transforming of our world: The 2030 Agenda for Sustainable
Development”, which was approved at the UN Summit on September 25, 2015 with the final
formulation of 17 global Sustainable Development Goals (SDG). Among them Ne 12 is ensuring the
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rational models of consumption and production; Ne 13 is taking the urgent measures to combat climate
change and its consequences.

The sustainable development concept of the world community appeared in the process of
combining three main points of view: economic, social and environmental. It provides to adopt the
measures aimed at the optimal use of limited resources and to apply ecological nature-, energy- and
material-saving technologies for ensuring the stability of social and cultural systems, as well as the
integrity of biological and physical natural systems.

In December 2019, the countries of the European Union defined 6 priorities of Sustainable
Development (European Green Agreement) in Brussels. In particular, the European Climate Law sets
the goal of achieving climate neutrality of the territory by 2050, and by 2030 — to reduce harmful
emissions by at least 50 %.

Taking the above mentioned into consideration, it is obvious that in the construction industry,
which is one of the most capital-intensive, it is vital to make innovative decisions to fulfill the global
goals, in particular Ne 13 — to reduce harmful emissions of greenhouse gases and, first of all, CO, carbon
dioxide.

Analysis of recent research and publications. Based on the available experience and analysis
of the latest researches and publications, it is known that any construction object exerts its ecological
impact on the environment throughout its entire life cycle. As a rule, everything begins with the
production of raw materials and continues until the demolition of the structure, waste recycling for the
secondary use and material recovering. According to [1], about 50 % of the total carbon dioxide
emissions into the atmosphere are due to the activities of the construction industry. The reduction of
energy consumption and the negative impact of construction on the modern ecosystem is provided by
the directives [2, 3] and the diffusion [4] approved by the European Commission. They regulate the
main principles of energy efficiency, environmental friendliness and economy in the construction
industry. Their observance will ensure high energy efficiency, cost-effectiveness of buildings and
structures with low values of carbon dioxide emissions and other greenhouse gases.

International green building standards of the latest generation [5—7] recommend to consider the
greenhouse effect of harmful gases from any building or structure at the stage of their design.

The examination of harmful emissions from the construction and the arrangement of structures,
the assessment of the impact of their main parameters on the environment are carried out by various
scientists with the aim of finding optimal solutions and implementing them into the Building Code.
Among them, it should be noted the work [8], in which there is the analysis of greenhouse gas
emissions in construction, software and computer evaluation of their effects, data on carbon emissions
of construction materials and products.

The research work [9] provides data on the environmental impact of 20 individual buildings and
established criteria for its evaluation, and the suggestions for its simplification are made. The study [10]
proposes the analytical method for calculating the carbon content of a building object. However, it does
not take into account carbon dioxide emissions during its demolition work and waste recovery.

The academic paper [11] provides the method for calculating greenhouse gases from individual
residential buildings, which takes into account various stages of their life cycle, from raw material
production to waste recovery. At the same time, the emissions from their assembly are not taken into
account.

Scientific works [12, 13] describe the parametric studies results of concrete reuse and carbon steel
component materials after reinforced concrete structures recovery which life cycle has ended.

Among the home studies the pioneering works [14, 15] should be highlighted, in which the
analysis of the construction impact on the environment was made, with the methodology
development and the carbon footprint assessment of a multi-story hybrid wooden and reinforced
concrete building. Two types of 15-story building with reinforced concrete and hybrid framework
made of glued timber and reinforced concrete rigid core are considered. The use of hybrid structural
system instead of reinforced concrete made it possible to reduce carbon dioxide emissions into the
atmosphere by 3.7 times and confirms its effectiveness.

In summary it should be emphasized that despite the achievements of science and the world
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community's awareness of the possible catastrophic consequences of the global environmental crisis
associated with harmful emissions of carbon dioxide and other greenhouse gases into the
atmosphere, the certain measures for their radical reduction are still being planned in the modern
construction industry, in particular in design. In addition, almost half of the time allotted for the
implementation named by SDG has already passed... However, it is obvious that the environmental
requirements are neglected at most modern local construction sites, starting from the design stage.
So the purpose of this work is to demonstrate the necessity and expediency of the system
approach and methodology [2-5, 16] to determine the carbon footprint throughout its life cycle in
order to find the ways to reduce it using a specific example of the underground transport tunnel.

Research tasks:

— to systematize the existing factors and negative environmental impact factors of the specified
tunnel on the environment;

— to improve the existing methodology [14-16] for estimating of carbon dioxide emissions into
the atmosphere by determining the carbon footprint in the form of CO, equivalent during the
construction interacting with the foundation soils;

— to prove the technical functionality and the ecological expediency of steel replacing with
basalt-plastic reinforcement in monolithic concrete structures of deep transport tunnels according to the
criterion of reducing greenhouse gas emissions into the atmosphere.

Research methodology. The assessment of the material impact of the main load-bearing
structures on the carbon footprint of the underground transport structure was carried out on the
example of three underground transport tunnels with different diameters (Fig. 1). The main load-
bearing elements of the tunnels are monolithic concrete frameworks with the annular cross-section, the
horizontal disks of surfaces for vehicles, which rest on the external annular frameworks at the edges,
and in the middle part — on the longitudinal walls-partitions, with steel (standard reference
modification) and non-metallic composite (BFRP) reinforcement (proposed modification). The
construction of the tunnels is planned to be carried out using the proven shield method in medium-hard
rock by excavating the soil with a tunneling machine and arranging the tunnel frame behind it.

Analytical and numerical methods of finite elements using PLAXIS software complex were used
to determine the internal forces in the tunnels frames and possible ground subsidence during their
construction. Three-factor three-level numerical experiments were implemented according to Box-
Benkin Bj plan, which is based on planning theory.

In these modifications the tunnels have nominal (median surface) diameters of 5.10 and 15 m
(X1 factor), which are located, respectively, at the depths of 20.0; 22.5 and 25.0 m to their horizontal
axis from the ground surface (X, factor including the level of underground water). The geological
cross-section is typical for the southern region of Ukraine. It is characterized by the presence of four
main layers (X3 factor — the type of soil conditions). The upper layer with the thickness of 13 m
consists of loess loam the stiffness of which increases linearly with the depth. Under the layer of
loam there is the layer of fine-grained sand with the thickness of 2.0 m which was used as a bearing
layer for the piles of the ancient building — the monument of architecture and urban planning
(probably larch timber). Uneven settlement of these piles during and after the installation of the
mentioned tunnels is extremely undesirable for the landmark.

Below the sand layer there is a deep layer of red and brown loams and clays with the
thickness of 5.0, respectively; 7.5 and 10.0 m. This is one of the layers where the upper part of the
tunnel is erected. And its lower part is placed in a deep layer of shelly limestone of the Pontic layer
with the inclusions of recrystallized shelly limestone in its covering. This layer is rather hard so
only 5 m of this layer is included in the finite element model. The distribution of pore water
pressure is hydrostatic. The groundwater level can be at the depths of 3.9 and 15 m (X, factor)
below the ground surface, i.e. at the mark y =0 in PLAXIS software complex.

Since the tunnels frame are also soil: the layering is more or less symmetrical with respect to
the vertical axis of the tunnel, only one (right) half of their framing and the soil base was taken into
account in the considered models of plane deformation. In the horizontal direction, the design soil
model extended 33, 39, and 45 m, respectively.
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Research results. Environmental impact assessment of the life cycle of any building
structure. The scientific research in this branch shows that carbon footprint should be expressed in
terms of carbon dioxide equivalent, and its assessment for a specific building structure should
consider all the emissions that happen not only during the useful life. At the same time, it is
necessary to take into account any possibility of reuseing or processing of constituent elements and
materials after its demolition.

For analyze convenience of the calculated environmental indicators it is advisable to organize
and record the obtained data according to the stages of the life cycle listed in Table 1.

Table 1 — Stages of the useful life cycle of the structure and the components
Useful life cycle of the structure

Pre-operational stage Operational stage Completéc;/rglzf the life
Extraction and Operation
transportation of raw : Demolition
materials Installation and Service
Production of construction work Renovation
materials and Destruction
components Replacement

Additional information that does not belong to the life cycle of the structure:
— external impact beyond the building structure;
— reusing, processing, recycling.

According to the recommendations of the European Standard [16], researches [14, 15], the
considered groups of the life cycle of the building are presented in the form of a modular system
(Table 2), which takes into account all its stages, divided into separate information groups, which
are sometimes intertwined.

Table 2 — Characteristics of the information modules and the stages of
buildings life cycle formed by them according to [16]

Life cycle stage Information group (module) Process
Al Supply of raw materials
Pre-operational stage Al Transportation
A3 Production
Construction stage Ad Transportgtlon
AS Construction works
Bl Operation
B2 Maintenance
B3 Repair
Operational stage B4 Replacement
BS5 Major repair
B6 Energy use
B7 Water use
Cl Demolition
The stage of the life cycle C2 Transportation
completion C3 Waste processing
C4 Destruction
Benefits and burdens outside D Potential for reuseing and
the system recycling
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The conducted studies [14-16] establish that the results of the emissions assessment during
the life cycle should be presented in the form of CO, carbon dioxide equivalent (kg CO, eq) for
each stage (Table 3).

Table 3 — Before the carbon dioxide emissions assessment during the building life cycle

Life cycle stage Measurement units of carbon footprint assessment results
Al —AS
CIB_I Ca kg CO, eq/m? of useful internal area of any building or structure
D1-D2
B2 - B7 kg CO, eq/m® of useful internal volume of any building or structure

The carbon footprint assessment of buildings and structures during their life cycle.

According to the recommendations [14-16], in the building made of several parts, it is
advisable to calculate the carbon footprint from carbon dioxide emissions during the entire life
cycle using the expression:

CF = CFAl—AS + CFA4—A5 + CFBl—B7 +CFC1—C4 _CFzz ) (1)
where CF — the estimated amount of carbon dioxide emissions during the entire life cycle;
CF,;_a; — the estimated amount of emissions at the pre-operational stage;

CF,, a5 — the estimated amount of emissions at the construction stage;

CF;,_;, — the estimated amount of emissions at the stage of operation;

CF.,_c, — the estimated amount of emissions at the completion stage of life cycle;
CF, — the estimated amount of emissions beyond the structure life cycle.

The components of formula (1) are calculated as the sum of estimated emissions for the its
building element for each information group from Table 2. There are:

CFAl—AS = ZCFAl,i—AS,i ) 2)
CFA4—A5 = ZCFAAU +ZCFA5,i ) (3)
CFy g7 =D CFy,+ D CFyy + > CFyy + Y CFyy 4+ CFy + > CRy + > CFyly (4)
CF.yc; =2 CFey + > CFey+ > CR.y + Y CF, ., (5)
CF, =S FCy,, (6)

where i — the number of the component or building element.

Carbon dioxide emissions during the production of "simple™ monomaterials (extraction,
transportation and processing of raw materials) are determined by multiplying their mass by the
reduction coefficients of carbon equivalents:

CFationzi =Vi o Kot (7
where V; — the volume of the i-th material for the manufacture of building elements;

p. — the density (thickness) of its material;

K.; — the reduction coefficients of greenhouse gas (carbon dioxide) emissions.

Carbon dioxide emissions during the manufacture of “"complex™ components made of different
materials (for example, facade systems, solar panels, etc.) are determined using the environmental
impact statement results of the products by the manufacturer or using the data of a close analogue by
introducing one or another reduction coefficient:

CFAl,i—A3,i =Q 'kred,i 'kref,mat,i’ (8
where Q, — the number of units of a complex component (for example, the total volume or area);
K. — the reduction coefficient;

red,i
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Kt mati — the reduction coefficient of carbon dioxide emissions to the analogue.

Carbon emissions during the transportation from the manufacturing plant to the construction site
(information group A4) are calculated by multiplying the mass of the corresponding element (M) by
the transportation distance (L;) and by the reduction coefficient (k, ;) of emissions of the specified
gas, considering the type of transport:

CFA4,i =M;-L 'ktr,i- (9)

The arrangement of a structure or the construction of a building (information group A5) is a
complex process, during the implementation of which many techniques, equipment and devices are
used, as well as data from another similar project. All considered:

CFAS,i = A -k

where A, — the total useful area of the building;
k..., — the coefficient of carbon dioxide emissions per m? of the total internal area of a
similar building.
At the stage of preliminary design the experts recommend using approximate data of similar
projects with the use of appropriate coefficients k., . So the volumes of carbon emissions during the

estimated operation period (information group B1) are determined:
CFBl,i =Vt 'K
where V,, — the construction volume of the building.
The emissions caused by the operations related to the maintenance (B2) are recommended to
be calculated using the expression:
Cl:Bz,i =N, 'Top 'Qi : km,i ) (12)
where n, — the number of maintenance operations of the building during the year;
T,, — the estimated period of building operation;

tr,i

(10)

constr !

(11)

constr !

Q, — the number of the units of the corresponding components (for example, the area of
windows, facades, etc.);

kni — the coefficient of carbon dioxide emissions for the maintenance of the i-th
component.
Similarly, the emissions of the specified gas during repair work are determined (module B3):
CFBS,i =Ny 'Top ‘Qi 'krep,i ' (13)
where n, — the number of maintenance operations during the year;
Krep; — the emission factor CO; during the maintenance (repair) of its components.

The emission assessment according to the information groups B4 and B5 in the process of
replacing some elements or major repairing of the structure includes the emissions caused by the
production of materials necessary for the implementation of the modules B4 and B5 (information
groups Al — A3), their transportation and the execution of construction work (modules A4 and A5):

CFB4,i = nrepl (ZCFAripll—Am +ZCF;jﬁI +ZCF/-(EP|I )’ (14)
CFBS,i = nrefurb (ZCFﬁflu—rbAm + ZCFATZle"b + ZCFArzﬂljrb )’ (15)
where N, N, — accordingly, the number of replacements and major repairing during the

service life;

CF® s CFat™, . — the total emissions during the production of necessary materials for
replacement of elements or major repairs;

CFP, CFy™ — the total emissions during transportation of necessary materials for
replacement and major repairs;
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CF., CFxei™ — the total emissions when using the necessary materials in the process of

construction works for replacement and major repairs.
The total amount of emissions at the end of the life cycle is calculated using the expression:

I:Cl—C4 = Aot ' kdem +(Mw,r + IVIW,If ) L- ktr + IVlw,lf ' kw ) (16)
ne M, . — the weight of the construction waste that is suitable for processing and reuse;

M, s — the weight of construction waste that must be buried;

L — the distance from the construction site to the processing plant or to waste burial sites;
k, — the coefficient of carbon dioxide emissions when processing or waste burying.

The materials obtained after processing can be used for the further arrangement of a similar
structure or building. The expediency consideration of the following use of the specified materials
is carried out according to the following formula:

FC,ZZ,i = Z FerieIC,)z{SI/eg,i ) (17)
where FC3¥°% . — the total emissions of carbon dioxide during extraction, transportation and

production of i-th processed material.

Average emissions of carbon dioxide per 1 m.p. of buildings. The average carbon emissions
during the estimated operation period of both construction types (module B1) are 1312 t CO, eq per
1 m.p. of the tunnels, which include the emissions during air conditioning, heating, cooling, water
supply, drainage, lighting for the accepted energy efficiency class B. At the same time, the carbon
emission factor was taken as for electric energy Kco,= 420g/kWh in accordance with the
recommendations [14, 15] and others.

The underground transport deep-level tunnels belong to the structures that cannot be
dismounted because it is associated with uncontrolled subsidence and movement of soil masses.
Therefore, CO; carbon dioxide emissions were not carried out for this information group (C1).

The emissions of CO, carbon dioxide during the transportation of the construction waste
(module C2) and during their burial (information group C3) are not determined in the work due to
their small amount.

The carbon emissions according to the D module, which could be formed during the materials
processing of the destructed building and their reuse (recycling), are not considered in this work for
the reason mentioned above.

Summarizing the above, according to three important and most widespread transport tunnels
with nominal diameters of their middle surfaces of 5, 10 and 15 m and the length of 1 m.p. the
averaged carbon footprint of the standard reinforced concrete (reference) structure is 15.977 t CO;
eq, and the basalt concrete (proposed structure) is 11.551 t CO; eq, which is approximately 1.4
times less than the reinforced concrete one. Therefore, the largest emission reduction occurs at the
pre-operational stage during the production and use of basalt plastic (BFRP) non-metallic composite
reinforcement instead of steel.

It is obvious that at the operational stage, the carbon dioxide emissions can be significantly
reduced also at the major repair (module B5) and replacement (module B4) of structural part with steel
reinforcement, which received significant damage due to its corrosion on a monolithic concrete section
of the structure with non-metallic composite reinforcement, for example, basalt plastic.

Conclusions:

1. The performed analysis of CO, carbon dioxide emissions into the atmosphere made it possible
to systematize the existing factors and the factors of the negative environmental impact of the building,
which are characterized by the processes from the extraction of raw materials for the production of the
necessary materials to its destruction with the reuse of the obtained materials and recycling.

2. In accordance with the requirements of current European standards [16], the adapted and
improved estimating methodology of carbon dioxide emissions into the atmosphere (carbon
footprint in the form of CO; equivalent), which takes into account all the stages of the building life
cycle and the possibility of reusing the obtained materials after its dismounting (recycling).

3. The technical feasibility and ecological expediency of basalt plastic reinforcement (BFRP)
instead of steel in monolithic concrete structures of deep-level transport tunnels according to the
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criterion of greenhouse gas emissions reducing into the atmosphere have been revealed. At the same
time, the averaged carbon footprint 1 m.p. for three different diameters of the specified building is
in the proposed version of the structure was 11.551 t CO; eq against 15.977 t CO; eq in the
traditional (reference) version of the reinforced concrete structure, so it decreased by approximately
1.4 times. The specified CO, emissions can be reduced by almost 25 % during the repair or
replacement of the horizontal road blocking and its supporting structures due to the use of non-
metallic BFRP reinforcement instead of steel and recycling of materials.
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AHoTanisg. O0’€KTOM JOCIIPKEHHS TaHOi poOOTH SBISIOTHCS MAacuBHI OETOHHI KOHCTPYKIIT
MiA3€MHUX TPAHCHOPTHUX CIOPYA-TYHENIB TJIMOOKOTO pPO3TAllyBaHHS, apMOBaHI CTaJIeBOIO 1
HEMETAJICBOI0 KOMIIO3UTHOIO apMaryporo. Po3rmsmaroTbess TyHeNni KUTBIEBHX Tepepi3iB 3
HOMiHaTBHUMU HiameTpamu 5, 10 1 15 M ixHix ompas.

[IpeameToM OCHTIPKEHHS € OIIHIOBAaHHS YCEPEIHEHOTO BYIJICIIEBOTO CIiTy B 000X BapiaHTax
KOHCTPYKTUBHOI'O BHUPIIIEHHS CIIOPYJ HAmpoTs31 BChOIO iXHBOI'O KUTTeBOro Iukiy. IIpeacrasneni
JOCII/KEHHS] 3YMOBJIEHI HEOOXIIHICTIO BHKOHAHHS €BpONEHWCHKOrO 3aKOHY Mpo  KiIiMar
(E€spomneiicekoi 3enenoi yroau. Ilpu npomy, y [apusekiit yroai (2016 p.) pekoMeHI0BaHO MepecTaTu
BUPOOJIATH 1 BUKOPUCTOBYBATH y OyAiBHULTBI ByrieneBy cranb 10 2030 poky. Exonoriynuii Biims
000X BapiaHTiB TPAHCIIOPTHUX TYHENIB BUPKEHUH Yy BUIJISI BYIJIELEBOTO CIAY, SIK €KBIBAJIECHTY
yrHHUX €Bponeiicbknx HopM 3 ypaxyBaHHSIM peKOMEH a1l aBTOPChKUX METOAMK.

Jlyis BCTaHOBJIEHHS HEOOXIIHHUX PO3MipiB OETOHHMX OMNpaB TYHENIIB Ta iX apMyBaHHS OyB
peaiizoBaHuil yncinoBuil maHoBanuii (B3) excnepument B I1K “PLAXIS” 3riiHO YHHHUX HOPM.

OcepenHeHi 3a TpbOMa PI3HUMH JlaMeTpaMU Ta y3arajbHEHI BUKUIM BYIJIEKHCIOTO ra3y
IPOTArOM JKUTTEBOTO LMKIY €TaJIOHHOI (BapiaHT 1) 1 3ampoIioHOBaHOI (BapiaHT 2) KOHCTPYKIT
MiA3€MHOT TPAHCIOPTHOI CIOPYIU-TYHEIO JOBXHWHOIO | M.I. CTaHOBWJIM, BIAMOBiAHO, 15,97 T
COgzexkB 1 11,551 T CO2ekB, TOOTO 3MeHIIHINCS Maiike B 1,4 pasu.

BukoHaHi JOCHI)KEHHS J03BOJIWJIM 3pOOMTH aHai3 BHMKHJIB BYIJIEKHUCIOTO Tazy B
aTMocdepy, CHUCTEeMaTU3yBaTH HasBHI UMHHMKHM 1 ()aKTOpW BIUIMBY 3a3HAYEHOI CHOPYIH Ha
JOBKUIJISL Ta BU3HAUWTH HAMNPSIMKHA 1X 3MEHIIEHHs. JlokazaHa MOXJIHMBICTh Ta JOLLUIBHICTH
BUKOPHUCTaHHS 0a3albTOIUIACTUKOBOI apMaTypu 3aMICTh CTaleBOi y MOHOJITHUX OETOHHHX
KOHCTPYKUISX, B T.4. TPAHCIIOPTHUX TYHEIB, 38 KPUTEPIEM 3MEHILIEHHS BUKU/IIB TAPHUKOBUX T'a3iB.

Kurouosi ciioBa: ByrieneBuil ciii, BAKUIN BYTJIEKUCIIOrO ra3y, MiI3eMHHUI TpaHCIOPTHUI
TyHEJb, MOHOJIITHUI BKKHAW OETOH, CTalleBa 1 HEMETalleBa KOMITO3UTHA apMaTypa, JKUTTEBUHN ITHKIT
Cropyau, crafis (etam), iHpopmariitHa rpyna (MOIYIb).
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Abstract. The paper considers the application of the method of direct integration to
calculations of annular plates and slabs on a continuous variable elastic base. Ring-shaped plates
with variable geometric and mechanical parameters are increasingly used. Not only the elastic base,
but also the plate thickness and cylindrical stiffness can be variable parameters here. The need for
an analytical method for calculating such structures raises no doubts, since it makes it possible to
evaluate the accuracy of finite-element analysis. To date, there are no proposals in the literature
regarding a general analytical method for the calculation of annular plates on a variable elastic base.

A detailed description of the algorithm of the direct integration method is not given in the
paper, and all the calculation formulas for the annular plate are taken from the authors' already
published article. The results of numerical implementation of this algorithm for specific examples
are considered: a concrete plate, which is rigidly pinch on the inner contour, and its outer contour is
free, and a steel plate, which is rigidly pinch on the outer contour, and its inner contour is free.

To estimate the results of calculation by the author's method, computer modeling of the
considered structures in PC LIRA-SAPR and their calculations by the finite-element method have
been executed.

The foundation reaction is described by Winkler model with a variable bedding factor. In the
first case a bed factor is assumed constant, and in the second case it changes under the linear law.
Calculations have shown that discrepancy between deflections calculated by the finite-element
method and the author's method does not exceed 1 %, and the results of radial and circumferential
moments calculation differ more considerably, amounting to 10 %. The authors explain this
difference by the inaccuracy of the numerical analysis associated with the semi-automatic method
of constructing a finite-element mesh, which should be made finer. The densification of the mesh in
the manual mode of its partitioning significantly reduces the discrepancy between the results of
calculating the deflections, radial and circumferential bending moments by the finite-element
method and the author's method.

Keywords: direct integration method, annular slab, elastic foundation, Winkler model,
variable bedding factor, finite element method, PC LIRA-SAPR.

Introduction. Ring-shaped plates with variable geometric and mechanical parameters are
increasingly being used. Variable parameters here may be not only the elastic basis, but also the
plate thickness and cylindrical stiffness.

However, in spite of the considerable number of studies devoted to plate bending, their
absolute majority is related to plates which have constant parameters, and only some authors
consider variable parameters. Studies of plates of variable stiffness (thickness) predominate among
such works. A number of questions in the theory and practical calculations of variable thickness
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plates remain unresolved. Of great interest is the development of analytical methods of calculations.

Recent research analysis. A relatively small number of works [1-3] are devoted to the study
of the neo-symmetric bending of a flexible plate on an elastic basis. The approach based on the
symbiosis of the orthogonal polynomial and Ritz methods proposed in [2] by S. V. Bosakov. The
results were obtained for the case of a concentrated force eccentrically applied to a circular plate
lying on an elastic half-space. Generalization of this solution makes it possible to obtain a solution
for an arbitrary load acting on a circular or circular plate.

The authors of [4] believe that the two-parameter elastic base model demonstrates a more
realistic ground reaction behavior than the one-parameter Winkler model. Circular plates are
modeled as a set of individual beam elements connected together in the radial and tangential
directions. As a numerical method, the grid method has been applied.

In the thesis of E. R. Telegulova [5] obtained an analytical solution of the problem of
determining the ultimate load for a circular in plan reinforced concrete plate, which lies on an
elastic basis (Fuss-Winkler model).

B. B. Grosman in [6] presents the results of studies of antisymmetric deformation of circular
plates of constant cross-section, made of orthotropic and isotropic material, which lie on an elastic
basis, the properties of which are described by the Winkler model.

From the works of foreign authors, we note the article [7], the basis of which was a design work
that requires less rigid treatment of circular plates than it is possible on the basis of standard formulas.
The issues of dynamics are considered. The transfer matrix method used here allows the plate thickness
and pressure to be any function of the radius, and the boundary conditions can be any. The natural
frequencies and waveforms can be determined by including inertia conditions in the matrices. The
limitation is that the method covers only axisymmetric deformations and waveforms.

The subject of the paper [8] is a universal software for reinforced concrete ring and circular slabs
reinforced in radial and tangential directions. Such slabs are used for roofing and ceiling structures of
buildings. The software can be used to design and calculate axisymmetrically loaded circular and
circular reinforced concrete slabs with arbitrary supports and spans. Based on the user's choice, the
software offers solutions that not only comply with all design principles, including limit state
calculations.

Above-ground and suspended tanks are used to store water, liquid oil, petroleum products and
similar liquids [9]. The strength analysis of such tanks is about the same regardless of the chemical
nature of the product. All tanks are designed as crack-free structures to eliminate any leakage. In
this study, an attempt was made to obtain the optimal design of reinforced concrete water tanks at
the given characteristics, ensuring the efficiency of geometric forms in terms of functional
requirements, assessing the economic efficiency of each of the options. The practical result of the
work was the development of tank design program in spreadsheets Microsoft Excel.

Finite element analysis of annular and circular plate is carried out in [10]. Different ratios of
inner radius to outer radius are considered to investigate effective geometric characteristics of circular
plates. Critical moments and deflections in both annular and circular plates are determined. A finite
element analysis of the plates using the ANSYS software was performed to evaluate the results.

The purpose of this work is to analytically and numerically investigate the bending of
circular plates on a variable elastic base.

Research materials and methods. The analytical method of direct integration and computer
modeling in PC LIRA-SAPR [11-12] with subsequent calculations by the finite element method are
used. Two examples are considered: a concrete slab that is rigidly pinch on the inner contour and its outer
contour is free and a steel slab that is rigidly pinch on the outer contour and its inner contour is free.

Research results. Consider a circular plate of constant cylindrical stiffness D, lying on a
variable elastic base and under the action of a continuously distributed arbitrary transverse load
(Fig. 1). Let us denote by a and b the radii of the outer and inner circles of the plate, by rthe
radial coordinate (0<r<a), by q(r) the arbitrary transverse load, and by R(r) the elastic base

reaction. There will be internal forces in the plate: radial bending moment M, , circumferential
bending moment M, and radial transverse force Q, (Fig. 1).
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Fig. 1. Forces in the ring plate

Bedding ratio k(r) and load q(r) we will represent in a form [13]:

k(r)zko(ﬁb+Ai(£j+A2(%)2+...+&(£jsj; (1)
q(r)=q0£BO+Bl(£j+Bz(£jz+...+Bp(£jpj, (2)

where k,, q, — values of bedding factor and load at some characteristic point of the plate.
When a circular plate bends, its deflection function w(r) is defined as [13]:

wn) - %% w (r); )
W(r) =4 X,(r)+ A4,X,(r)+ A4Y,(r) + 4,Y, (r)+ X,(r), 4)

where W (r) — dimensionless function, and A, — arbitrary dimensionless constants.
Y, (N =X,(0I=+Z,(r) (n=12). (5)

For rotation angle and internal forces M,,M,, Q, we will have [13]:

?j_"r":qusvwr); %:quv\?(r); ?:T\gvqu;V\A/(r): (6)
M, =-q* (W) + 4 200 ) Q
M, = —q,a* (uVV (r)+ %VV (r)) ; 8)
Q = —qoa(V\?(r) +2W(r) —(%)ZVV(r)J . )

It follows from the formulas that the determination of deflections and internal forces in the
plate, one way or another, is reduced to the calculation of the values of the functions

X, (r),(n=12,3),Z,(r),(n=12), as  well as their dimensionless derivatives

X, (r), X, (r), X, (r),(n=1,2,3); Za(r), Z,(r), Za(r),(n=12). To represent these
functions, series are used, which is described in detail in [14].

Consider examples of calculations, varying the boundary conditions and the law of change in
the reaction of an elastic foundation.

Example 1. Consider a concrete slab (E =1,5-10" kPa, 1 =1/6) of thickness of h=0,12m, outer
radius a =1,8m, inner radius b =0,9m, which is under the action of a uniformly distributed constant
load q =80kPa . The plate is rigidly pinched on the inner contour and the outer contour is free.
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The bedding factor (Fig. 2) is constant: k(r) = const = 5000kH /me.
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Fig. 2. Laws of change in the bed coefficient
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The results of calculations by the author's method (AM) and by the finite element method (FEM)

in PC LIRA-SAPR are shown in Table 1, and their graphical interpretation is shown in Fig. 3.

Table 1 — Concrete slab calculation results

i W, m Discre- M, Discre- M, Discre-
i FEM | AM pg;:;y FEM AM p?&,c)y FEM AM p?;,c)y
0,9 0,0000 | 0,0000 | 0,000 -38,953 -39,086 | 0,341 | -6,4918 | -6,5143 | 0,346

0,9429 | 0,0209 0,0210 | 0,351 -33,679 -33,785 | 0,313 | -7,1959 | -7,2321 | 0,500
0,9857 | 0,0795 | 0,0798 | 0,355 -29,019 | -29,110 | 0,312 | -7,6406 | -7,6944 | 0,699
1,0286 | 0,1703 | 0,1709 | 0,352 -24,902 | -24,980 | 0,312 | -7,8864 | -7,9583 | 0,904
1,0714 | 0,2886 0,2896 | 0,352 -21,236 -21,328 | 0,430 | -7,9776 | -8,0689 | 1,132
1,1143 | 0,4299 | 0,4314 | 0,354 -17,993 | -18,096 | 0,568 | -7,9512 | -8,0619 | 1,373
1,1571 | 0,5906 | 0,5928 | 0,373 | -15130 | -15,241 | 0,731 | -7,8355 | -7,9657 | 1,635
1,2 0,7673 | 0,7703 | 0,384 -12,602 -12,720 | 0,925 | -7,6528 | -7,8033 | 1,928
1,2429 | 0,9573 0,9611 | 0,400 -10,380 -10,502 1,159 | -7,4224 | -7,5930 | 2,247
1,2857 | 1,1579 1,1626 | 0,405 -8,4350 -8,5580 1,440 | -7,1571 | -7,3496 | 2,619
1,3286 | 1,3667 | 1,3726 | 0,432 -6,7404 | -6,8628 | 1,784 | -6,8694 | -7,0853 | 3,047
1,3714 | 1,5822 1,5893 | 0,449 -5,2763 -5,3953 | 2,206 | -6,5680 | -6,8098 | 3,550
1,4143 | 1,8024 1,8110 | 0,472 -4,0236 -4,1366 | 2,732 | -6,2594 | -6,5311 | 4,160
1,4571 | 2,0252 | 2,0361 | 0,533 -2,9660 | -3,0703 | 3,397 | -5,9483 | -6,2558 | 4,915
1,5 2,2512 | 2,2637 | 0,552 -2,0888 -2,1817 | 4,260 | -5,6377 | -5,9890 | 5,866
15429 | 2,4772 2,4926 | 0,619 -1,3934 | -1,4578 | 4,417 | -5,3838 | -5,7352 | 6,127
1,5857 | 2,7026 | 2,7222 | 0,721 | -0,8425 | -0,8872 | 5,038 | -5,1196 | -5,4977 | 6,877
1,6286 | 2,9255 2,9517 | 0,887 -0,4295 -0,4592 | 6,469 | -4,8844 | -5,2794 | 7,482
1,6714 | 3,1476 3,1808 | 1,044 -0,1520 -0,1647 | 7,701 | -4,6352 | -5,0825 | 8,800
1,7143 | 3,3689 | 3,4090 | 1,177 0,0046 0,0050 8,605 | -4,5383 | -4,9088 | 7,547
1,7571 | 3,5882 | 3,6364 | 1,324 | 0,0540 | 0,0575 | 6,154 | -4,3865 | -4,7596 | 7,838
1,8 3,8014 | 3,8627 | 1,587 0,0000 0,0000 0,000 | -4,2246 | -4,6361 | 8,877

The analysis of Table 1 shows that the values of deflections practically coincide during the
calculation of the ring plate (under the above conditions) by the author's method and by the finite
element method in PC LIRA-SAPR, and the discrepancy of the bending moment values reaches 8 %.
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Fig. 3. Radial and circumferential bending moments

Example 2. Consider a steel plate (E = 2,0-10%kPa, 1 =0,33) of thickness of h=0,03m, outer
radius a =0,9m, inner radius b = 0,45m, which is under the action of a uniformly distributed constant
load g =30kPa . The plate is rigidly pinched along the outer contour and the inner contour is free.

The bedding coefficient varies according to the linear law: k(b) =4000kH / m?, k(a) =5000kH / m®

(Fig. 2). The results of calculations by the author's method (AM) and by the finite element method
(FEM) in PC LIRA-SAPR are shown in Table 2, and their graphical interpretation is shown in Fig. 4.

Table 2 — Steel plate calculation results

W, m Discre- M Discre- M Discre-

r, m pancy L pancy ¢ pancy
FEM AM (%) FEM AM (%) FEM AM (%)

0,45 10,0113 | 0,0114 | 0,301 | 0,0000 | 0,0000 0,000 | 0,0102 | 0,0104 | 1,583
0,4714 10,0111 | 0,0112 | 0,457 | 0,0036 | 0,0037 1,521 | 0,0107 | 0,0110 | 2,233
0,4929 10,0109 | 0,0110 | 0,317 | 0,1125 | 0,0128 2,329 | 0,0133 | 0,0138 | 3,361
0,5143 |0,0108 | 0,0108 | 0,337 | 0,0247 | 0,0255 3,167 | 0,0174 | 0,0182 | 4,486
0,5357 10,0105 | 0,0105 | 0,369 | 0,0388 | 0,0405 4,077 | 0,0226 | 0,0239 | 5,614
0,5571 (10,0103 | 0,0103 | 0,412 0,0535 | 0,0564 5111 | 0,0282 | 0,0302 | 6,773
0,5786 |0,0100 | 0,0100 | 0,364 | 00672 | 0,0718 6,357 | 0,0340 | 0,0369 | 7,974
0,6 0,0096 | 0,0096 | 0,276 | 0,0790 | 0,0858 7,940 | 0,0610 | 0,0434 | 8,252
0,6214 10,0091 | 0,0091 | 0,328 | 0,0882 | 0,0970 9,110 | 0,0398 | 0,0493 | 8,644
0,6429 10,0086 | 0,0086 | 0,398 | 0,0945 | 0,1043 9,379 | 0,0490 | 0,0540 | 9,205
0,6643 10,0080 | 0,0080 | 0,487 | 0,0964 | 0,1067 9,673 | 0,0513 | 0,0570 | 10,07
0,6857 |0,0073 | 0,0073 | 0,601 | 0,0932 | 0,1032 9,642 | 0,0520 | 0,0578 | 10,06
0,7071 |0,0066 | 0,0066 | 0,742 | 0,0832 | 0,0927 10,19 | 0,0501 | 0,0560 | 10,47
0,7286 |0,0057 | 0,0057 | 0,909 | 0,0668 | 0,0744 10,23 | 0,0461 | 0,0511 | 9,729
0,75 10,0048 | 0,0048 | 0,544 | 0,0427 | 0,0474 9,887 | 0,0391 | 0,0427 | 8,389
0,7714 10,0039 | 0,0039 | 0,369 | 0,0101 | 0,0112 9,405 | 0,0276 | 0,0304 | 9,191
0,7929 (10,0030 | 0,0030 | 0,303 -0,0317 | -0,0349 9,074 | 0,0126 | 0,0138 | 8,525
0,8143 |0,0021 | 0,0021 | 0,272 | -0,0835 | -0,0912 | 8,410 | -0,0066 | -0,0072 | 8,599
0,8357 |0,0013 | 0,0013 | 0,201 | -0,1459 | -0,1579 7,585 | -0,0300 | -0,0331 | 9,506
0,8571 |0,0006 | 0,0006 | 0,000 | -0,2203 | -0,2350 6,235 | -0,0586 | -0,0638 | 8,210
0,8786 |0,0002 | 0,0002 | 0,000 | -0,3058 | -0,3225 | 5,180 | -0,0926 | -0,0994 | 6,874
0,9 0,0000 | 0,0000 | 0,000 |-0,3959 | -0,4202 | 5,778 |-0,1313 | -0,1400 | 6,224
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Fig. 4. Deflections and radial bending moments

Here the deflections calculated by the two methods practically do not differ from each other,
and the discrepancy between the bending moments is greater than in the previous example (the
maximum discrepancy is 10.47%).

Conclusions. The results of calculations by the finite element method in PC LIRA-SAPR,
which are given in Tables 1 and 2, were obtained with a semi-automatic breakdown of the finite
element grid. This means that a partitioning step of 0,1r was chosen along the radius, and the
partitioning along the circle of the plate was carried out automatically. With this approach the
discrepancy in the results of calculating the deflections of FEM and the author's method was
insignificant, while the difference in the results of calculating the radial and circumferential
moments turned out to be quite significant. This effect is well known but, as the authors of [15]
have shown, when the mesh is thickened in the circumferential direction, the results obtained by the
two methods in determining the radial and circumferential bending moments become considerably
closer. This becomes particularly important if the design of the slab and its reinforcement is based
on modeling and finite element analysis using engineering computer programs.

Thus, the high accuracy of application of the analytical method proposed by the authors — the
method of direct integration — for calculations of building structures in the form of circular plates
and slabs, which lie on a continuous variable elastic base, is shown.
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AHoTanig. Y CTarTi pO3IJIIAEThCS 3aCTOCYBaHHS METOMLYy TPSMOTO I1HTETPYBaHHS [0
PO3paxyHKIB KUIbIIEBUX IUIACTHH Ta IUIMT Ha Oe3nepepBHiN 3MiHHIA MpyxKHIM ocHOBi. [lnmactunu
KiJIbLIeBOi (popMH 31 3MIHHMMH TI€OMETPUYHMMHU Ta MEXaHIYHUMM IapaMeTpaMu 3HaXoIsiTh BCe
HIMPIIE 3aCTOCYBaHHA. 3MIHHUMM NapaMeTpaMH TyT MOXYTb BUCTYIIaTH HE TUIbKU MPY)KHA OCHOBA, a
W TOBIIMHA TUIACTMHU, LMIIHAPUYHA >KOPCTKICTh. HEoOX1AHICTh aHAIITUYHOIO METOLY PO3PaXyHKY
MOMIOHMX KOHCTPYKIIA HE BUKIUKA€ CYMHIBIB, OCKUJIBKH JO3BOJISIE OIIHUTH TOYHICTH CKIHUEHO-
eJIeMEHTHOro aHaimizy. Ha cporonmHimHii aeHb y JiTepaTypl MPONO3ULIT IOJ0 3arajlbHOro
aHAJIITUYHOTO METOy PO3PaXxyHKY KIJIbIIEBUX IUIACTHH Ha 3MIHHIM MPYKH1N OCHOBI BIICYTHI.

JleTanbHUIN BUKIJIAJ aJTOPUTMY METOY NMPSIMOTO 1HTETPYBaHHs y poOOTI HE HABOAUTHCS, MPOTE
pO3paxyHKOBi (HOpMyaH JJs KUIBLIEBOI IJIACTUHM B3STI 3 BXKE OMYONIKOBAHOI CTaTTi aBTOPIB.
Po3rnsanaroTecs pe3yibTaTH YMCEIbHOI peastizallii [bOro ajaropuTMy Uil KOHKPETHMX HPUKIIAIIB:
OETOHHA IIJINTA, sIKa YKOPCTKO 3aTUCHEHA 3a BHYTPIIIHIM KOHTYPOM, a 11 30BHIIIHINA KOHTYp — BUIbHUH 1
CTaJIeBa IUINTA, SIKA )KOPCTKO 3aTHCHEHA 3a 30BHIIIHIM KOHTYPOM, a i BHYTPIIIHII KOHTYp — BUIbHUH.

J1J1s1 OIIIHKM Pe3yJIbTaTIB PO3PAXYHKY aBTOPCHKHM METOJIOM BUKOHAHO KOMIT'FOTEPHE MOJICITFOBAHHS
posrsiHyTHX KOHCTpYKIIiH y [TK JIIPA-CATIP Ta iX po3paxyHKH METOJIOM CKIHYEHUX €JIEMEHTIB.

Peaki11isi OCHOBH ONMCYEThCSI MOJIEIUTIO BiHKIIepa 31 3MiHHUM KOe(illi€eHTOM MocTeNi. Y MepIomy
BUIAJIKY KOe(IliEHT MOCTe MPUIHHATO MOCTIMHUM, a y IpYroMy BHIIA/IKY BiH 3MIHIOEThCS 3a JIIHIMHUM
3aKoHOM. BukonaHi PO3paXyHKH MOKA3aJIH, IO PO3ODKHICTD y pe3ysbTaTax OOUYMCIEHHS MPOTHHIB
METOJIOM CKIHYEHHUX €JIEMEHTIB 1 ABTOPCHKHM METONIOM BOUpaeTscst y 1 %, a pesysbTaTu 00UHUCIIEHHS
pamiaTbHUX 1 OKPYXHHX MOMEHTIB BIAPI3HAIOTHCS 3HaUHO, nocsraroun 10 %. [{ro BiqMiHHICTH aBTOpH
TTOSICHIOIOTh HETOYHICTIO YMCENILHOTO aHaTi3y, TOB'SA3aHOI 3 HallBaBTOMAaTUYHUM METOJIOM MOOYIOBU
CKIHYEHO-EJIEMEHTHOI CITKH, SKY CIiJi poOUTH JApiOHIIION. 3TyHIEHHS CITKM B PYYHOMY DPEXHUMI ii
PO3OUTTSL CYTTEBO 3HIXKYE PO3ODLKHICTH MK pe3yiabTaTaMH OOYMCIEHHS MPOTWHIB, paialbHUX Ta
OKPY>KHHX MOMEHTIB, 1110 3THHAIOTh METOJIOM CKIHUEHHUX €JIEMEHTIB 1 aBTOPCHKUM METOIOM.

Kuro4oBi c1oBa: MeTon mpsiMOro iHTerpyBaHHs, KUIblieBa IUINTA, MPYXKHA OCHOBA, MOJEIb
Binknepa, 3MiHHUI KOe]IIIEHT MOCTeNi, MeTo] ckiHueHux enemeHTiB, [IK JIIPA-CAITIP.
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Abstract. The article reviews the issues related to the mechanical activation of Portland
cement in the separate technology of the production of concrete mixtures in the production of
concrete and reinforced concrete products. Usually, an essential characteristic of composite building
materials based on Portland cement and its varieties used in building processes is their rapid setting
of strength. Therefore, scientific researches related to the development of technologies aimed at the
intensification of cement hydration processes and the growth of the speed of concrete strength
gaining are relevant. The work presents the main technological processes during the production of
concrete mixtures using intensive separate technology. The usage of this technology, particularly,
makes it possible to significantly increase the reversibility of forms due to a more intense concrete
strength gaining on mechanically activated Portland cement, especially during the early stages of
hardening. The need to include mineral filler in the form of ground quartz sand during the
preparation of the cement-water composition in a high-speed mixer is founded. It was
experimentally discovered that the rapid mixing of the cement-water composition in the presence of
a C-3 superplasticizer causes a sharp decrease in its effective viscosity, which positively affects the
reduction of the water content of concrete mixtures of the required ease of workability.

The mechanical activation of Portland cement causes an increase in the amount of chemically
bound water in vintage-age cement stone from 13.1% to 17.9%, which means more than 36%
compared to the control. It was established that with the same amount of binder, the strength of the
concrete on activated Portland cement on the first twenty-four hours of hardening is 1.8...2 times
higher compared to the concrete of similar composition, the binder of which was not activated.
Over time, the effect of activation on the concrete strength decreases a little, but even at 28 days,
the compressive strength of concrete on the activated binder is 25...30% higher compared to the
control.

Keywords: concrete, separate technology, tribo-activator, filler, mechanical activation.

Introduction. In the building industry, there is a search for new techniques aimed at speeding
up the building process. These methods can be conventionally divided into two types:
organizational — the organization of building production, planning, and building management, and
technological — the use of new composite materials, machines, units, and equipment.

Among the list of requirements for the technology of manufacturing products on ordinary,
standard Portland cement, high importance is paid to the accelerated concrete strength gaining,
especially in the early stages of hardening. The use of fast-hardening cement for these purposes is
very limited for a number of reasons, including their high cost. Intensification of the concrete
hardening process with the help of heat-moisture treatment is currently economically unjustified
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due to excessively high tariffs on the heat. Therefore, in our opinion, the search for a new
technological method is particularly relevant, which will allow to dramatically accelerate the
processes of structure formation of cement-containing composites and obtain concretes with high
early strength under normal hardening conditions.

Analysis of recent research and publications. In concrete science, great attention is paid to
the study of the properties of the concrete mixture, their optimal composition, as well as rational
methods of mixing and compaction to obtain concrete of a given quality [1-3]. Aspects of
improving the technology of manufacturing concrete mixtures include: a) modernization of existing
types of mixing plants and creation of new types of mixers; b) finding the optimal sequence of
loading and mixing the components of the concrete mixture; c) the development of complex recipe-
technological methods combining intensive methods of making concrete mixtures with the adding
of mineral fillers and chemical additives into their composition, which purposefully regulates the
properties of both concrete mixtures and concretes based on them; d) automation of concrete units
and so on [4-7].

Turbulent mixers of various constructions are increasingly used in the practice of preparing
concrete mixtures. Their use makes it possible to solve issues related to improving the homogeneity
of the concrete mixture and increasing the strength of concrete in the vintage age. In this sense,
intensive separate technology (IST) for the preparation of concrete mixtures is promising [8-12]. Its
use involves the separation of the concrete mixture production process, namely: a) an activated
highly concentrated cement-water composition is prepared in a high-speed mixer; b) in a traditional
(ordinary) concrete mixer, the dosed for the batch fine and coarse filler is mixed with the cement-
water composition to a homogeneous state. The use of high-speed hydrodynamic mixing for cement
activation in combination with optimal by its quantity and by the dispersion of mineral fillers,
effective additives, and superplasticizers provides, along with plasticization, a sharp acceleration of
cement hardening processes, which allows abandoning both the use of quick-setting cement and
heat-moisture treatment.

The aim of the research. The described above purposed this work, to determine the influence
of mechanical activation of Portland cement on the properties of cement-water compositions,
mortars, and concretes based on them.

Research materials and methods. Joint activation of Portland cement and ground quartz
sand (specific surface of quartz particles 250 m?/kg) was carried out by intensive circulation of the
filled cement-water composition with V/T=0.27 in a high-speed mixer-tribo-activator. In the tribo-
activator, along with the physical and chemical activation of Portland cement particles and ground
sand, high homogeneity of the highly concentrated composition is ensured. While mixing, finely
dispersed particles of binder and quartz sand are given high speeds and complex trajectories of
movement. As a result of their collision with each other in the flow, as well as with the walls and
blades of the activator, the degree of wettability increases, even distribution of water, physical and
chemical dispersion, peeling off the shielding products of neoplasms from the surface of the binder
particles with exposure of new active centers is ensured [9]. All this, in our opinion, will directly
affect the acceleration of cement hydration and, as a result, the increase in strength of cement stone
and concrete based on it, both in the early stages of hardening and in the vintage age.

Production of concrete mixtures was carried out both by intensive separate (with the use of
mechanical activation of the binder in a tribo-activator) and by traditional technologies.

The work used the methods of physical-chemical and physical-mechanical researches
(calorimetry, determination of the effective viscosity of cement-water compositions, the amount of
chemically bound water, the compressive strength of samples from cement-sand mortar and
concrete).

Portland cement PC II/A-11I-400 (CEM II/A-S 400) with an activity of 41.0 MS,
manufactured by "Yuhtcement" [a branch of JSC "Dyckerhoff Cement Ukraine"], which meets the
requirements of DSTU (National Standard of Ukraine) b B.2.7-46:2010, "Cement for general
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construction purpose. Technical conditions” was used as a binder in the research. Ground quartz
sand with a specific surface area of 250 m?/kg was used as mineral filler. For the plasticization of
cement-water compositions, as well as mortar and concrete mixtures based on them, a condensation
product of naphthalene sulfonic acid and formaldehyde was used — superplasticizer C-3. The
consumption of the superplasticizer was assumed to be equal to 1% of the mass of the binder. As
aggregates for concrete, quartz sand from the Oleksandrivskyi quarry in the Odesa region with a
coarseness modulus of Mk=2.2 and granite crushed stone of fractions 5-10 and 10-20 mm were
used in a ratio of 1:1 by the weight.

The evaluation of the structural characteristics of the cement-water composition — the
effective viscosity 1 —was determined using a rotary viscometer "Polymer-RPE-1M".

Research results. Shown in the Fig. 1 graphical dependence of the effective viscosity of the
modified cement-water composition on the duration of mechanical activation T shows that high-
speed mixing causes a sharp decrease in i (up to 30 times), reaching its minimum value after 150
seconds activation.

A Further high-speed mixing is
accompanied by the thickening of
\ the  cement-water  composition,
A, which is fixed by the increase in the
\ \J value of the effective viscosity. To
identify the reason for such a change
S-3=1% in the effective viscosity in the
process of high-speed mixing of the
cement-water composition,
experiments were conducted in
/ which three input parameters were

T, Sec simultaneously controlled:

> — effective viscosity;
0 60 120 180 240 300 — temperature of the cement-

water composition;
Fig. 1. The influence of the term of high-speed mixing of — water division.
the cement-water composition on the change in effective For the purity of the
viscosity 1 experiment, it was assumed that
there was no S-3 superplasticizer in
the mixing water. It was found that the initial decrease in the effective viscosity of the cement-water
composition is accompanied by a decrease in the amount of free water in it. At the moment when
the effective viscosity of the cement-water composition reaches its minimum value, water division
almost completely stops Fig. 2, b. In the following period, a more intensive increase in the mixture
temperature is observed, which indicates an increase in frictional forces between cement particles in
the process of high-speed mixing of the cement-water composition, Fig. 2, a. Thus, free water,
being adsorbed on the newly created surfaces of the binder particles, gradually transits into a bound
state and ceases to play the role of "lubricant™, which leads to an increase in frictional forces, which
is recorded by a more intensive increase in the temperature of the mixture (At;) in comparison with
heating (At;) of the cement-water composition in the initial period of rapid mixing.

A sufficiently objective characteristic of the Kinetics of the physicda-chemical process of
hydration of the binder is the exothermic heating of the hardening cement-water composition. The
hydration temperature was determined using a thermal calorimeter. The choice of this method is
due to the fact that it allows estimating of the hydration and structure formation processes over
time, as well as quantifies the temperature change of the hardening composition.
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Fig. 2. The influence of the activation term T on the effective viscosity, temperature (a) and water
division (b) cement-water compositions:
1 — effective viscosity; 2 — the temperature of the cement-water composition
[ ] —free water in the cement-water composition
— cement-water composition

After 120 seconds of activation, the cement-water composition was placed in a container with a
volume of 200 cm®, which, in its turn, was installed into the calorimeter. The temperature of the
hardening cement-water composition was measured using electronic sensors. For control, a cement-
water composition was prepared, which was not subject to mechanical activation. As it can be seen
from Fig. 3, the mechanical activation leads to an increase in both the rate of heating of the cement-
water composition and an increase in the maximum heating temperature.

60
\\.
50 /
S 2| |/
z“ 40 / i
/ /—-]_
30 / //
]
20 |
0 1 2 3 4 5 6 7 8 9 10 11 12
T, hour

Fig. 3. Kinetics of exothermic heating of hardening cement-water compositions:
1 — control; 2 — mechanically activated Portland cement

Data on the content of chemically bound water in cement stone at the age of 1 day to 28 days
of normal hardening at a temperature of +20°C confirm the increase in the rate of hydration of
Portland cement due to its mechanical activation, Table. 1.
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Table 1 — Amount of chemically bound water in the cement stone

The content of chemically bound water, %,
Technology d. d
roduction aged, cay
P 1 3 7 28
Traditional manufacturl_n_g of 6.2 10.3 12.9 131
cement-water composition
Mechanic-chemical activation of 10.2 141 172 17.9
cement-water composition

Of particular interest was the effect of mechanical activation of cement on the growth Kinetics
of chemically bound water in cement stone during the first 24 hours of hardening, Fig. 4.

Attention should be paid to the fact that three hours after mixing, the amount of chemically
bound water in the hardening cement-water composition on mechanically activated Portland cement
and on cement that was not mechanically activated is practically the same and is in the range of
2.8% to 3.4%. However, already after 6 hours of hardening, there is a sharp increase in the amount
of chemically bound water for mechanically activated cement — from 3.4% to 5.9%. For a
traditionally prepared cement-water composition, there is a gradual increase in the amount of
chemically bound water — from 2.8 to 3.4%. After 24 hours of hardening, the amount of chemically
bound water in the activated cement-water composition is approximately 1.6 times bigger compared
to the composition, the binder of which was not subject to mechanical activation. In the subsequent
periods of hardening, the difference between the amounts of chemically bound water in the
activated and non-activated Portland cement decreases, and at the vintage age does not exceed
27...37%.

§“ 10 7 % ’
= 2
2 , /
g ° v /
: .
: 7
0 /[ e

1:00 3:00 6:00 9:00 12:00 15:00 18:00 21:00 24:00
T, hour

Fig. 4. The influence of mechanical activation on the kinetics of chemical binding of water in the
hardening cement stone:
[ ] - control;
7/} — mechanically activated Portland cement

The effect of mechanic-chemical activation of cement on strength was studied on cement-sand
samples made from a mixture of composition — C:P = 1:3 with a water-cement ratio W/C = 0.4, Fig. 5.
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Compressive strength, MPa

2 7 14 28 1, days
Fig. 5. The influence of mechanical activation on the strength of cement-sand mortar:
[ ] - control; — mechanically activated Portland cement

The activated cement-water composition was mixed in a dosed amount of sand, and after
compaction on a vibrating platform, the beam samples were hardened in 4x4x16 cm forms at a
temperature of +20°C. The kinetics of strength gaining of the cement-sand solution shows that the
activation of cement leads to a more intense increase in the strength of the samples compared to the
samples made on Portland cement, which was not subjected to mechanical activation.

This is especially noticeable in the initial stages of hardening. At the age of 2 days, samples
on mechanically activated cement are characterized by 1.84 times higher compressive strength
compared to samples made on a binder that was not subject to mechanical activation. At a later age,
the strength of the samples evens out somewhat, and on the 28th day of hardening, the compressive
strength of the samples on mechanically activated cement exceeds the strength of the control
samples by no more than 30...32%.

Mechanical activation of Portland cement also significantly affects the strength of concrete.
This is confirmed by the results of the compressive strength of concrete at the age of 28 days on the
mechanically activated binder, as well as on the binder that was not mechanically activated
(control), Fig. 6. In the experiment, the composition of concrete (cement: sand: aggregate = 1:2:4)
was studied with the consumption of a mixed binder (Portland cement + ground sand) in the amount
of 450 kg/m?.

fem, MPa

30

0 10 20 30 40
ground sand, %
Fig. 6. The influence of the concentration of ground sand in Portland cement on the f.,,, of concrete
in the 28" day age:
1 — concretes, made according to traditional technology; 2 — intensive separate technology of
concrete production
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The mobility of the concrete mixture was assumed to be constant (concrete mix slump = 3 cm)
and was corrected (depending on the consumption of ground sand in the binder) by the consumption
of mixing water. The amount of C-3 superplasticizer was taken at the level of 1.0% (in terms of dry
matter) of the binder consumption.

As the research results show, the replacement of a portion of Portland cement with ground
quartz sand leads to a decrease in the strength of concrete made by traditional technology, Fig. 6
(curve 2), which coincides with the experimental data given in the work [13]. At the same time, the
intensive separation technology for the production of concrete mixtures contributes to the gaining
the concretes with a compressive strength 35...45% higher in comparison with concretes of similar
composition, which are produced according to traditional technology, Fig. 6 (curve 2), due to
physical and chemical processes considered in the work [10]. Thus, the second important advantage
of IST over traditional technology is the resource-saving effect, which allows replacing up to 40%
of Portland cement with ground sand, obtaining practically the same compressive strength
characteristics of concrete as for concrete made by the traditional method, but without introducing
Portland cement ground sand in the given range.

Conclusions:

1. The positive effect of high-speed mixing of cement-water compositions in the presence of C-3
superplasticizer on the reduction of their effective viscosity n was revealed. The combined effect of
mechanical activation and C-3 additive provides a decrease in n up to 30 times compared to the
effective viscosity of a non-mechanically activated cement-water composition of a similar composition.

2. Due to the mechanical activation of cement-water compositions, the amount of chemically
bound water in cement stone of vintage age increases from 13.1% to 17.9%, that is, by more than
36% (compared to the control).

3. An important advantage of IST over the traditional technology is the resource-saving effect,
which allows replacing up to 40% of Portland cement with ground quartz sand (S=250m?/kg), while
obtaining the same compressive strength of concrete at the vintage age, which is achieved by
concrete on non-mechanically activated cement, but without the addition of ground sand (control).
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AHoTanig. Y crarTi po3MIAHYTI NWTAHHS IIOAO MEXAHOAKTHBALIl TMOPTIAHIIEMEHTY Yy
PO3IUTbHIA TEXHOJIOTIi BHUTOTOBIICHHS OCETOHHHUX CyMIlIed TMpU BUPOOHUITBI OETOHHHUX Ta
3a1i300€TOHHMX BHPOOIB. 3a3BHYaii, BAKJIMBOIO XapaKTEPUCTHKOK KOMIIO3UIIMHMX OymiBeTbHUX
MaTepialliB Ha OCHOBI MOPTJIAHALEMEHTY Ta HOro Pi3HOBUIB, III0 BUKOPUCTOBYIOThCSA B OY/IiBHUIITBI,
€ X mBuAKUA HabOip MinHOCTI. TOMy aKTyaJbHHMMH € HAayKOBl JOCHIIKEHHs, SIKI TOB'A3aHl 3
PO3pPOOKOI0 TEXHOJIOTIHM, CHpSAMOBAaHMX Ha IHTEHCU(IKALi0 TMpPOIECiB TigpaTalii HEMEHTy Ta
3pOCTaHHs MIBUJKOCTI HaOOpy MIITHOCTI OeToHy. B poOOTi HaBeeHI OCHOBHI TE€XHOJIOTIUHI MPOLIECH
IpyU BUPOOHUITBI OETOHHMX CyMilleld 3a IHTEHCHBHOIO PO3ALIBHOI0 TEXHOJIOTIEI0. 3acTOCYBaHHS
JaHOT TEXHOJIOri, 30KpeMa, J03BOJISE CYTTEBO MIABUIIUTA OOOPOTHICTH ()OPM 3a PaxyHOK OUIBII
IHTEHCHBHOTO HabOpy MIIIHOCTI OETOHOM Ha MEXaHOAKTMBOBAHOMY IMOPTJIAH/IIEMEHTI, 0COOIUBO Y
paHHI TepMiHU TBepAiHHSA. OOrpyHTOBaHA HEOOX1IHICTH BBEJECHHS IiJ] Yac MPUTOTYBaHHS LIEMEHTHO-
BOJIHOI KOMIIO3MIII B IIBH/KICHOMY 3MIIIyBadi MiHEpaJIbHOIO HAMOBHIOBauYa y BUIJISII MOJIOTOTO
KBapIIOBOTO MICKY. EKCIIepUMEHTAIbHO BCTAHOBJICHO, MO IIBUIKICHE 3MIITyBaHHS [[EMEHTHO-BOJHOI
KOMITO3MLIT B MPHUCYTHOCTI cynepruiactudikaropa C-3 BUKIMKAe pi3Ke 3HMKEHHA il epeKTUBHOI
B’SI3KOCTI, 1110 MO3UTHBHO IO3HAYAETHCS HA 3HM)KEHHI BOJOBMICTY OETOHHHMX CyMillied HeoOXiIHOi
JIETKOYKJIaJAJIbHOCTI. MeXaHOaKTUBallisl MOPTIaH/IEMEHTY BUKIIMKA€E 3pOCTaHHS KUIBKOCTI XIMIYHO
3B's13aHO1 BOJIM B IIEMEHTHOMY KaMeH1 Mapo4yHoro Biky 3 13,1% 10 17.9%, To6To 6inbine Hixk Ha 36%
B TIOPIBHSHHI 3 KOHTpoJeM. BeTaHOBIEHO, 1110 TTPY OHAKOBIN BUTPATI B'SHKYUOr0, MIITHICTH OETOHY Ha
aKTHBOBAaHOMY TIOPTJIAH/ALIEMEHTY Ha Tepiry 100y TBepaHeHHs B 1,8...2 pa3u BHINA y TOPIBHSHHI 3
OETOHOM aHAJIOTIYHOTO CKJIaly, B'SXKyde SIKOrO aKTHBAIlli He MijjgaBajocs. 3 IUIMHOM 4acy BIUIMB
aKTHBallli Ha MIIHICT OETOHY JIEIIO 3HIKYEThCS, ajie 1y 28-u 1000BOMY Billl MIIHICTh OETOHY Ha
CTHCK Ha aKTUBOBAHOMY B'sUKY4OMY B cepeHboMY Ha 25...30% BHIa y OPIBHSAHHI 3 KOHTPOJIEM.

KuarouoBi caoBa: OeToH, po3auibHA TEXHOJIOTIS, TpUOOAKTUBATOp, HAMOBHIOBAY,
MEXaHOAKTHUBALLIS.
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Abstract. The article presents two computer materials science methods for analyzing the
functional properties of decorative concrete. The method of experimental-statistical modeling is used to
build nonlinear structured models that describe the material's physical, mechanical, and technological
properties in the coordinates of five factors of concrete composition. The study of the influence of recipe
factors on the characteristics of the composite was carried out according to a symmetrical three-level 27-
point plan. Depending on the nature of the effect on the decorative composite, varied raw materials are
combined into two groups of factors — modifications of the cement-sand system and parameters of
dispersed reinforcement. A comparative analysis of the local properties fields of reinforced and non-
reinforced material compositions showed the feasibility of reinforcing the cement-sand matrix with
hybrid glass fibers. However, based on the purpose of the work — to control the characteristics of a
decorative non-reinforced composite, subject to a constant level of one of its criteria, the method of
isoparametric analysis was used. The change in the quality criteria of composite compositions was
analyzed in two versions of isoparameters. In the first one, all mortar mixes were characterized by the
same viability within time t = 1.0+Ar, in the second one, all concrete compositions were isosthenic
within the limits of compressive strength f., = 56+Af.y,. For statistical testing of the characteristics of the
material, together with experimental statistical models, the Monte Carlo method was used. According to
the results of the isoparametric analysis of the functional properties of the decorative composite, it was
fairly reliably determined by the area of compromise relationships between the zeolite and the fine-
grained filler, however, the coordinates of their optimal amount don’t match according to all criteria. An
analysis of the results obtained by this method demonstrates that an engineering compromise between
these factors should be sought in the area of their main levels of variation. Introducing finely dispersed
zeolite instead of a part of cement is a technologically useful technique for improving the quality and
durability of unreinforced decorative concrete.

Keywords: decorative concrete, zeolite, fibre, experimental-statistical model, strength,
computational experiment, constant level of property, isoparametric analysis.

Introduction. The use of decorative concrete with a complex of given characteristics is
growing in many countries. The widespread use of these concretes due to their improved quality
and reliability in architectural products (structures). The priority is the invariance of artistic and
aesthetic expressiveness for the entire period of operation. In the context of their functionality,
decorative composites should be characterized by high rates of ease of installation, early strength,
crack resistance, discoloration, etc. [1]. Therefore, during the study of the characteristics of
concrete, there is an urgent need to analyze its quality indicators in combination with one or more
properties that are strictly regulated by the manufacturing technology of products, especially
products of complex shape (for example, architectural elements, etc.).

To solve this type of technological problems, professor V.A. VVoznesensky [2] proposed the
principle and methodology for isoparametric analysis (IP-analysis) to control the characteristics of
building composites. IP-analysis, according to [3], is carried out based on the results of a
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computational experiment, for the implementation of which mathematical models are used,
obtained from the data of experimental-statistical modeling of material quality criteria.

Analysis of literature data and problem statement. The analysis of domestic and foreign
literary sources showed a relatively wide range of technical and economic problems. It is necessary to
compare the quality indicators of building composites with the given values of their technological,
physical, and mechanical properties [4-12]. At the same time, positive experience in the implementation
of research tasks according to the method of V.A. Voznesensky and T.V. Lyashenko [2, 3] accumulated
in the field of such composite materials: during the optimization of the structural parameters of cellular
concrete according to the criteria for minimizing thermal conductivity and average density, which
made it possible to identify gas silicate compositions that have a lower density at a given compressive
strength [8]; during the optimization of particle size distribution and mineralogical composition of fillers
for polyester resins. The resulting polymer composition is characterized by a low resin content and
specified indicators of rheological and mechanical properties [3, 9]; to assess the influence of
operational factors on the probable physical and mechanical parameters of fine-grained concrete. The
analysis of the constructed distribution curves according to probable criteria confirmed that such
characteristics as tensile strength during bending and water absorption are more sensitive to destructive
processes that occur in the structure of the composite under the cyclic influence of environmental
factors [10]; in the study of changes in the functional properties of modified epoxy composites. The
obtained results of IP-analysis contributed to the identification of compositions that simultaneously have
minimum absorption and maximum resistance to the influence of water and oil following the regulatory
requirements for the criteria set for the composite [11]; while determining the rational compositions of
fiber concrete used for the manufacture of architectural elements. The application of the method made it
possible to determine the area of compromise ratios between glass and polypropylene fibers [12], etc.,
under isosthenic conditions of the properties of the composite.

The presented results in scientific papers [8-12] demonstrate — that the IP-analysis method allows
to obtain several meaningful solutions that are useful for the production and use of construction
materials made on various binders. In this case, IP-analysis can be used to solve the problem of
obtaining decorative concrete with certain characteristics but with a slightly smaller margin of the
compressive strength coefficient [1]. This is due to the fact that the architectural elements of the
facades of buildings and structures during operation do not carry power loads. Therefore, taking into
account the practical orientation of the use of the composite, in particular the requirements for its
characteristics, it is of interest to analyse the quality criteria of the material compositions without
fibrous filler. At the same time, it is important that the stage of obtaining a composition is combined
with the shaping of an architectural product. Along with the requirements for the mechanical properties
of concrete, requirements are put forward for the properties of the mortar mix. In this regard, the
optimization of technological and mechanical quality criteria of decorative composites is an urgent
problem, the solution of which requires the use of isoparametric analysis.

The purpose and objectives of the research. The purpose of the work is to determine the area of
compromise ratios between the zeolite filler and the fine-grained aggregate while providing the specified
levels to the characteristics of the viability of the mixture and the strength of decorative concrete.

The main task of the research is the analysis of the features of the effect of zeolite and sand
granulometry on the functional properties of decorative non-reinforced composites in isorheological
and isosthenic conditions.

Field experiment and modiling. The experiment to determine the properties of decorative
concrete was conducted according to the 27-point, 5-factor plan [1, 13]. Two groups of composition
factors were varied: "Modifiers of the cement-sand matrix” and "Parameters of dispersed
reinforcement™.

The first group included dosages of finely dispersed zeolite at levels of X; (Z) = 4+4 parts by
mass or p.m. (introduced instead of a part of cement), fractions of fine-grained sand mixed with
coarse-grained sand X, (SG) = 50+20 p.m. and superplasticizing additive based on polycarboxylate
X3 (MF) = 0.5+£0.2 p.m. from the mass of the binder. In the second — highly dispersed glass fibers
with a length of 6 and 12 mm, which were introduced in the amount of X, (F6)= Xs(F12) =
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0.015+0.015 p.m. from the mass of the soluble mixture. The compositions were made with different
water-cement ratio, which ensured the fulfillment of the requirement for the same mobility of the
mixture — grade S4. Production and testing of samples were carried out following DSTU B V.2.7-
239:2009. The composite has requirements for the shelf life of the mixtures t > 0.95 hours and
beyond the limit of compressive strength f.,, > 50MPa.

According to the experimental data [1, 13], a complex of nonlinear structured experimental-
statistical models (ES-models) was built, which describe the fields of physical, mechanical, and
technological properties in the coordinates of five composition factors. Thus, model (1) with 13
non-zero coefficients describes the complete field of time t attainment of the plastic strength Py, of
35 kPa (corresponds to the initial consistency of the S4 mixture) in case of an experimental error
Se(t{Pm=35}) =0.127 hour.

{Pn=35}=1.136 |-0.141x; £ 0 X;* +0.069%y%; | |—0.052X;X4 £ 0 X1Xs
~0.102%, — 0.198%,2 —0.053%;:X3 ||= 0 XoX4 £ 0 XoXs
—0.480%;3 +0.382x%5% —0.068%,X3 | |+ 0.061%5Xs % 0 XaXs

+ 0 X4 +0.157x,% —0.084x,x5
+ 0 Xs+ 0 x& (1)

The basic generalizing indicators [2] of this field are: t{Pm=35}max = 2.35 (at x3= x3= x4 = -1,
x2=-0.26, x5 = +1), T{Pm=35}min = 0.515 hours (at x; = x, = +1, x3= +0.77, x4 = +0.29, x5 = +0.99)
and relative growth & (t{Pn=35}) — in 4.6 times. In Fig. 1 shows the local field t{P,=35} in
coordinates of zeolite (Z) and fine sand (SG) factors at maximum plasticization of composite
compositions (MF =0.7 p.m.) and the content of hybrid fibers at low and medium levels (F6 + F12
— 0 and 0.03 p.m.). So the diagram t{P,»=35} shows two surfaces formed by reinforced and non-
reinforced composite compositions (upper and lower planes). Suitable local fields for compressive
strength f., (MPa) and flexural tension fum (MPa), water absorption Wy, (% by weight after 24
hours of exposure), medium density peq (kg/m?), and the coefficient of technological influence Kt
(was determined by crack resistance [14]) are also presented in Fig. 1. The expediency of
introducing hybrid fibers into the composition of composites, the presence of which makes it
possible to significantly strengthen the cement-sand matrix under such conditions, is confirmed.
(fommax = 72 MPa). However, as noted in the review of this work, local fields of unreinforced
concrete compositions are useful for the analysis of quality criteria.

The results of the research. Methodological bases of IP-analysis. For a computer study of the Y
characteristics of decorative concrete, together with the ES models, the Monte Carlo method was used,
which makes it possible to evenly distribute the levels of prescription factors within the given limits.
The change in the properties of the composite was analyzed in two versions of isoparametric
conditions (IP conditions). In the first version, all soluble compositions were characterized by the same
viability within t{P,=35} = 1.0+Art, in the second, all concrete compositions were isosthenic within
fom = 56+Af.. It should be noted that for the IP analysis on two factorial fields of these criteria (Fig. 1 —
lower surface), the isolines corresponding to their median values were selected.

The width of the corridor for the isoparameters was given by the mean square error of the field-in
experiment s.{Y}, the average value of the prediction variance function d in the local field, and the t,-
distribution quantile for the tolerable risk o.. However, the calculation of the value of the d-function is
somewhat simplified compared to that recommended in [2] and is performed in two stages. In the 1st
stage, the dispersion for the average value at each point of the experiment plan is determined; in the
2nd stage, the primary quadratic model of the dispersion of the isoparameter d{Y} is built in the
COMPEX program, which is used to calculate the model for the local field in the x; and x, coordinates
while stabilizing the other factors at levels x; = +1, x4 = x5 = —1. Thus, half the width of the corridor
AY =t,-Se- d®® amounts to At = 0.05 hour, and for Afem = 3.15 MPa. After that, in two factorial areas,
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Fig. 1. Local authorities of hybrid-reinforced and non-reinforced warehouses
(upper and lower upper) decorative composites with a high level of plasticization
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the Monte Carlo method generates 1000 evenly distributed compositions (points) in the coordinates of
the x; and x, factors, to which four mandatory ones are added at the square's vertices. Further, for each
field composition, according to the EU models, the values are quantified t{P,»=35} and f.y,. Out of
1004 generated points, only compositions of composites are selected for participation in the analysis,
the isoparameter values of which fall within the confidence corridor for 0.95 < t{P,=35} < 1.05 hour,
52.85 < fcm < 59.15 MPa (Fig. 2a and b). It is important that the lower boundaries of the isoparametric
corridor of properties correspond to the normalized levels regulated by the technology when
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Fig. 2. The impact of zeolite x; and fine sand x, on pot life is high plasticized mixtures (a)
and compressive strength of non-reinforced composite (b)

developing a decorative material. Such composites in IP-corridor for t{P,=35} and f., left 273 and
583, respectively, which covers about 27 % and 58 % of their local fields. At the same time, the
continued viability of mixtures in the corridor is ensured by changing the levels of factors within
limits for zeolite x; from -0.95 to +0.83 and fine sand x, from -0.99 to +0.60 and a compromise
solution for concrete under isosthenic conditions is only achieved within the initially specified
limits x; and x,. For the resulting compositions of the composite, we estimate the levels of local
fields of other properties and build corridor graphs.

Discussion of the results of the research. For the IP analysis of the quality criteria of the
decorative composite, the second method of visualization of the statistical testing of material
compositions was used [2, 11]. With this method, the property values were scanned along the axis
of one of the x; and x factors.

Fig. 3 shows "corridor" graphs for physical and mechanical properties, the values of which
are determined under isorheological conditions t{P»=35} of the mixture. The change in the
characteristics of concrete is associated with an increase in zeolite from 0.2 to 7.3 p.m. At the same
time, to maintain ongoing viability, the content of fine sand in a mixture with coarse sand should
decrease from 62 to 30.3 p.m. With such dosages of zeolite and fine sand, the compressive strength
fom and flexural tensile strength fum Of concrete increase by 22.8 % and 14.3 %, respectively. Here
it is worth noting that all isorheological compositions of the compositions are characterized by the
regulatory requirement for f,, > 50 MPa. However, under such conditions of factors x; and x;, the
situation with regard to the coefficient of technological damage of concrete changes in the opposite
way. With an increase in the content of small grains of sand X, in a mixture with large (to = 55
p.m.), with small dosages of zeolite (x; <0), Ky grows at 12.3 %. Some interest is observed in the
water absorption of the composite. As the replacement of cement with pozzolana increases (up to 4
p.m.), the average density decreases pcq, however, the ability of concrete to saturate with water also
decreases Wn, ~ 11.6 %.
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Fig. 3. Results of IP analysis of quality criteria for compositions with viability t=1.0+0.05 hour
with independent control of zeolite x; or sand granulometry x, in the range -1 <x; <+1

The results of statistical testing of composite compositions in isosthenic conditions are
presented in Fig. 4. The analysis of property estimates on these charts allows us to draw a number
of conclusions. An increase in the content of zeolite grains, as well as the fraction of fine sand in the
aggregate mixture, leads to the reduced shelf life of compositions by approximately 58 %. In
addition, 245 of 583 compositions do not meet the requirement for {t{Pn=35} > 0.95 hour.
However, in such conditions, the flexural strength of concrete fum increases by about 17 %. At the
same time, with a further increase in the grains of the fine fraction of sand from 57 p.m. (or x; =
+0.39) in the aggregate mixture, fum decreases by ~ 12 %. It is also worth recognizing that the
average density decreases and the damage of the material increase Kt. At the same time, the
minimum values of water absorption W, are possessed by concrete compositions made on coarse-
grained sand, the content of fine grains x, in the sand mixture should be ~ 33 p.m. per 100 p.m.
placeholder. A comparative analysis of the results obtained by the IP-analysis method on the
influence of zeolite and sand aggregate granulometry on the characteristics of the decorative
composite (Fig. 3 and 4) demonstrates that an engineering compromise between x; and x, should be
sought in the area of their main levels of variation, i.e. X; (Z) = 4 p.m. and X,(SG) = 50 p.m.

Conclusions. Computer experiments on isoparametric analysis on local fields of
characteristics of building materials are an effective tool for obtaining new materials science
information. According to the results of the IP-analysis of the functional properties of the decorative
composite, the area of compromise ratios between zeolite and fine-grained aggregate is fairly
reliably determined. However, the coordinates of their optimal amount do not match according to
all criteria. Introducing finely dispersed zeolite instead of a part of cement is a technologically
valuable technique for improving the quality and durability of non-reinforced decorative concrete.
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AHoTalis. Y CTaTTi NPEACTaBICHO JABa METOAU KOMIT IOTEPHOIO MaTepiallo3HaBCTBA JUIsl aHAIII3y
(GYHKIIOHAILHUX BIIACTUBOCTEH JICKOPaTHBHOI'O 6eTOHy Memoo EKCHEPUMEHMATLHO-CIAIMUCTIUYHO20
MOOeN08anHs 3aCTOCOBAHO ISl TOOYJOBU HEMIHIMHUX CTPYKTYPOBAHHX MO,I(GJ'IGI/I K1 ONUCYIOTb IOJIS
(bi3MKO-MEXaHIYHUX 1 TEXHOJIOTIYHUX BJIACTHBOCTEH MaTepialy B KOOPIUHATAX I’ ATH (haKTOPIB CKIIAY.
JlocipkeHHST BIUIMBY peHENTypHUX (aKTOpPiB HAa XapaKTEPUCTUKH KOMIIO3UTY BHKOHAHO TIO
CUMETPUYHOMY TpI)OXpiBHeBOMy 27-mu TOYKOBOMY  ILIaHY. 3ane)XHO BiA XapakTepy Aii Ha
JIEKOPaTUBHMAN KOMITO3UT BapiiioBaHI CHPOBHHHI Marepias o0’€mHaHi B JBI Tpymu (akTopiB —
MoauGiKallii IEMEHTHO-IIIAHOI CUCTEMH, MapamMeTpy UCIEPCHOrO apMYBAHHS. HOplBH}IHBHI/II/I aHaJ3
JIOKaJIbHUX TOJIB BJIaCTUBOCTEN apPMOBAHKX 1 HeapMOBaHUX CKJIAJIIB MaTepialy MoKa3aB JOLLIbHICTh
apMyBaHHs 1IEMEHTHO-IIIAHOI MaTpHlll TiOpUIHUMHU CKJIOBOJOKHAMU. OJHAK BHUXOASYM 13 METU
poOOTH — ISt YIPaBIiHHS XapaKTEPUCTHKAMH JEKOPATUBHOTO HEAPMOBAHOTO KOMITO3UTY, MIPU YMOBI
MOCTIHOTO PIBHS OJIHOTO 13 HOTO KPUTEPIiB, 3aCTOCOBAHO MeMO0 I30NapamempuiHo20 auaizy. IMiHy
KPUTEPIiB SIKOCTI CKJIA/IB KOMIIO3UTY NPOAHATII30BaHO B JBOX BEpCiAx 13omapamerpii. B mepuriif Bci
PO3YMHHI CYMIIIl XapaKTepU3yBaJIMCS OJHAKOBOIO >KUTTE3JATHICTIO B Mekax dacy T = 1.0 + At, B
ApYTiii — BCi CKIaayM OETOHY OYIIM 130CTEHIYHMMH B MeXax MIIHOCTi Ha CTUCK fom = 56 + Afey. s
CTaTUCTUYHOTO BUIPOOYBaHHS  XapaKTEpUCTHK Marepially CHUIBHO 3  EKCHEepHUMEHTAIbHO-
CTATUCTUYHUMHU MOJIETISIMU BUKOpUCTaHO MeTo]l MoHTte-Kapro. 3a pesynabraTtamu i3onmapamMeTpuyHOro
aHa’mizy (QYHKUIOHAIBHUX BJIACTUBOCTEM JEKOPATUBHOIO KOMIIO3UTY JIOCTaTHbO JIOCTOBIPHO
BU3HAUYA€ThCSl 00JIACTh  KOMIIPOMICHUX  CITIBBIIHOLIEHb MDK LEOMITOM 1 JpiOHO3EpHUCTHM
3allOBHIOBAYEM, MPOTE€ KOOPJAMHATH iX ONTUMAaJbHOI KUIBKOCTI IO BCIX KPHUTEPISX HE CIIBIAJAIOTh.
AHami3 OTpUMAaHMUX pE3YNbTATIB MM METOJIOM JEMOHCTPY€E, IO I1HXKEHEPHHH KOMIIPOMIC MK
BKa3aHUMM (pakTOpamMHM BapTO IIyKaTW B 001acTi iX OCHOBHUX pIBHIB BapitoBaHHS. BBeneHHS
TOHKOJIUCTIIEPCHOTO IEOJIITY B3aMiH YAaCTUHM LIEMEHTY € TEXHOJIOTIYHO KOPUCHUM HpPUHOMOM s
ITIBUILIEHHS SKOCT1 Ta JIOBFOBIYHOCTI HEAPMOBAHOTO JIEKOPATUBHOTO OETOHY.

KirouoBi cjioBa: aekopatuBHUN O€TOH, 10T, (GiOpa, MIIHICTh, 130MapaMETPUIHUN aHAII3,
eKCTIEPUMEHTAIbHO-CTaTUCTUYHA  MOJIeNIb, KOMIT'FOTEPHUM  €KCHEepUMEHT, MOCTIHHUII  piBeHb
BJIaCTUBOCTI.

Crarts Hamidnuia qo penakiii 6.12.2022
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BIIJINB KVIBKOCTI ®I6PU I CYIIEPIVIACTU®IKATOPY HA MIINHICTb BETOHIB
KOPCTKHUX JOPOKHIX IIOKPUTTIB

1KpOBﬂROB C.O., 1.T.H., IOIICHT,

skrovyakov@ukr.net, ORCID: 0000-0002-0800-0123
1H0J1T0paHaBJIOB A.O.,

andpolt90@gmail.com, ORCID: 0000-0001-7044-4203
1MimyTiH A.B., n.1.H., mpodecop,

mishutin52@ukr.net, ORCID: 0000-0001-9512-6084
13aBostoka M.B., k.T.H., npodecop,

mvzavoloka@ukr.net, ORCID: 0000-0002-2080-1230
Y00ecora depoicasna akademis 6yO0isHUYMBA ma apximexmypu
ByIL. Jlinpixcona, 4, M. Oneca, 65029, Ykpaina

AHoOTalisA. 3a ONTUMAIBHUM IJIAHOM OYyJI0 IPOBEIEHO €KCIEPUMEHT, B SIKOMY BapilOBalIucs
HACTYMHI (aKTOpH CKJIaay OETOHIB KOPCTKUX JOPOXKHIX MOKPUTTIB: KUTBKICTh NOPTIAHALEMEHTY
(Bim 350 mo 450 KF/M3), KUTBKICTh TOJINPOIiJIEHOBOT (iOpH 3 JOBXKHMHOI BOJOKOH 39 MM Ta
exBiBaneHTHNM giamerpom 0,45 MM (Bix 0 10 3 kr/M>), KibKicTh cymepruiacTi(ikaTopy Ha OCHOBI
nosikap6okcunatiB (Bix 1 1o 2%). Bei 6eToHHi cymimni Maiu piBHY pyxomicTs S1, 1o pocsiranocs
mig00pOM KUTBKOCTI BOJIM y CKJIaJi 3 BIANOBITHUM KOPETYBaHHSAM CKIIamay OeToHy. BcranoBieHo,
10 TIPH 3POCTAaHHI KIIBKOCTI MOPTIAHIIEMEHTY y ckiani 6etony B/I cymimeit piBHOT pyXxoMocCTi
OYIKYBaHO 3HIDKYETHCS. 3a paXyHOK IMiJBHINEHHS KUIBKOCTI cymnepmiactudikaropy 3 1 1o 2% Big
Mmacu nemeHty B/LI cyminn 3Hmxkyetbest Ha 10-12%. IIpu BBeneHHi mosinporniieHoBoi ¢Gidpu y
KigpKkocTi 1o 1,5 KI/M> B/I1 cyminn mpakTUYHO HE 3MIHIOETHCS, aje MPH ITiIBHINEHHI KiTHKOCTI
$i6pu 10 2,5-3 kr/m® B/LL BixayTHO 3pocTac.

Minnicte 6eToHiB 1 (i0poOeToHIB BU3Havanacs y Bili 3-x 1 28-mu n1i6. BeranoBieHo, mo y
Bimi 3-x 7i0 MIIHICTh HA CTHCK JIOCHTIDKCHHX OETOHIB CTaHOBHTH 63-69% Bim ix MiIHOCTI Yy
MPOEKTHOMY Billl. 3a paxyHOK MiJBHUILEHHS KUIBKOCTI cynepmiacTudikaropy 10 2% MIIHICTh Ha
cTUCK Yy Bili 3-x 116 3poctae Ha 4,5-6 MIla, y Bini 28-mu 116 — Ha 7-9 MIla. V pannbomy Ta y
MIPOEKTHOMY BIIll MPU 3pOCTaHHS KUIBKOCTI nojinponiienoBoi ¢idpu 1o 1,5-1,8 Kr/M° MilHICTB Ha
CTHCK O€TOHYy HiABUILYeThCs B cepeanboMy Ha 3 MIla. Tloganpine migBUIeHHs KiIbKOCTI (i0pu
BKE€ HEraTUBHO BiJJOOPaXKaeThCsl Ha MIITHOCTI O€TOHY. Y paHHbOMY Billl BIUIUB KIJIBKOCTI B’ SKYYOT'O
Ha MIIHICTh Ha PO3TAT MPH 3THHI OCTOHIB € OUTBIN BIAYYTHUM, HIK Y MPOEKTHOMY. 3a PaxyHOK
301IBIIEHHS KUIBKOCTI NOpTiIanauemMeHTy 3 350 no 450 Kr/m° y BiIi 3-X /110 MIIHICTh HA PO3TAT MPH
3TUHI MiIBUINYEThCS B cepenubomy Ha 1,4 Mlla, a y Bini 28-mu ni6 — Ha 0,5 MIla. HaiiGinbury
MIIHICTb Ha PO3TAT MPH 3THHI MatOTh OETOHU 3 KUIBKICTIO cynepruiatudikatopy 1,7-1,8%. 3apasku
3aCTOCYBaHHIO JIUCTIEPCHOTO apMyBaHHS MIIHICTh HAa PO3TAT JIOCITIPKEHUX OCTOHIB MiABUIILYETHCS
Ha 0,3-0,5 MIla. Ilpu 3acTocyBaHHi palioHanbHOi KUIBKOCTI A00aBKH 1 (i0pU MIIHICT Ha PO3TAT
MIpH 3THHI JOCTiPKeHUX OeToHIB ckianae He meHm 6 MIla, mo Bignosigae knacy Bpip4,8. 3rigHo
Bumor /IbH B.2.3-4:2015 Taxi 6eToHM MOXYTh BUKOPUCTOBYBATHUCS JIJIs1 HOKPUTTIB JOPIT Oy/b SKOi
KaTeropii.

Kiro4oBi ci10Ba: xKOpcTKe MOKPUTTS aBTOMOOUIBHUX JOpIr, MoaudikoBaHuil ¢pidpoOeToH,
noJiinpornijieHosa (pidpa, cynepruiacTudikaTop, MIHICTb.

Beryn. JKopeTki 11eMeHTOOETOHHI MOKPUTTS PIK BiJ POKY BCe Olibllle BUKOPHUCTOBYIOTHCS
npu OyIiBHULTBI JIOpIr Yy pO3BUHYTHUX KpaiHax cBiTy. B VYkpaini uactka popir 3
LIEMEHTOOETOHHUMHU TIOKPUTTSMH B OCTaHHI POKM Takox 3pocTae. lllupoke 3acTocyBaHHS
KOPCTKUX JOPOXKHIX TMOKPHUTTIB OOYMOBJIEHO iX CYTTEBMMHM IepeBaraMu. ['0JOBHa €KOHOMIYHA
nepeBara — I BeJlMKa JOBIOBIYHICTh, fKa 3a0e3nedye 3HUKEHHS eKCIUTyaTallifHMX BHTpaT.
IlemeHTOOETOH PO3MO/iIs€ HABAHTAKEHHS Ha OLIBIIY IUIOILY 3€MJISTHOTO MOJOTHA B TOPIBHIHHI 3
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OubII «THYYKHM» achanbroberoHoM. Ha 1eMeHTOOETOHHUX IOporax He BHHHKAE KOJIMHOCTI Ta
XBWJIETIOAIOHUX YTBOPEHb. 3a PaXyHOK MEHILIOTO IMPOTUHY AOPOKHBOTO IOJIOTHA €KOHOMHTHCS
NAJIMBO, [0 € EKOHOMIYHOI0 1 EKOJIOTIYHOI0 NepeBaroro. Takoxk eKOJOTiuyHOI IepeBaroro
[IEMEHTOOCTOHHUX IMOKPUTTIB € T€, III0 BOHM HE MICTATh HIKIJIMBUX HA()TOMPOAYKTIB, 3aTHHUX
MIPOHUKATH y TPYHT.

IIpn npoMy 3amada po3poOkH ePEeKTHBHUX OCTOHIB JOPOXKHIX IMOKPUTTIB 3aUIIAETHCS
aktyanpHOto. [lpm 1i BupilIeHHI BaXIUBUM € 3a0€3MEYCHHS MaKCHUMAaIbHO MOXKJIMBOTO
BUKOPHUCTAHHS BITUM3HSIHUX KOMITOHEHTIB, SIK B’SDKY4HX, TaK 1 MoaudikaTopiB. [Ipu BUroTOBIICHI
¢i10po0eTOoHIB, AKI TOKa3aau CBOK €(EeKTUBHICTH B JOPOKHHOMY OYAIBHHUIITBI, TaKOX CIiJ
HaJaBaTH IepeBary BITYM3HSIHUM BOJOKHAM, HOMEHKJIATypa SIKHX TMOCTIHO pPO3IIUPIOETHCS.
CopuunHene OOMOBUMH [isiMH PYHHYBaHHS TOPOXHBOI 1H(PPACTPyKTypu YKpaiHH 10JaTKOBO
aKTyali3ye 3a7a4y po3poOku ePeKTUBHUX JOPOXKHIX OETOHIB Ha OCHOBI BITYM3HIHUX KOMIIOHEHTIB.

AHani3 gociaimkens i myoaikaniii. Y CIHIA yacTka GETOHHHUX JOPOKHIX Ta aepOAPOMHHUX
MOKPHUTTIB CTAaHOBUTH Onm3bko 60%, y kpainax 3axigHoi €sporu — Big 10 mo 40% [1]. s
BIIAIITYBAHHS HAWOUIBII HABAHTAXCHUX TPAHCHOPTHUX PO3B’S30K IIMPOKO BUKOPHUCTOBYHOTHCS
BHUCOKOE(EKTUBHI TUCIIEpCHO-apMOBaHi O6eTonu [2-4]. 3actocyBanHs (iOpu miABHUIINYE MII[HICTh Ha
PO3TAT IpH 3ruHI OETOHY, IO JA03BOJISE€ 3MEHIIUTH TOBIIMHY JOPOKHBOI TUIMTH, 3HUKYE yCaT04HI
nedopmaitii, miIBHUIYE 3HOCOCTIHKICTh 1 MOPO30CTiiKicTh Matepiany [2, 5-7].

VY SKOCTI JECnepCHOI apMaTypu BHKOPHUCTOBYIOTBCS BOJIOKHA pi3HHMX TuMiB. [Ipu BUroToBieHi
OCTOHIB JOPOXKHIX IMOKPUTTIB HAHOUIBIN PO3MOBCIOKCHUMH € TOJIIPOIICHOBI, 0a3aabTOBI Ta
cTayibHi BOJIOKHA [6-8]. [TominporineHoBl BOJIOKHA € OJHUMH 3 HAHOUIbII e(DEKTUBHHX 3 BPaXyBaHHSIM
iX BapTOCTi Ta KOPO3iHOI CTIHKOCTI B THITIOBMX yMOBax eKcIuTyaTarlii mokputriB. Hanpukian y [9]
MOKa3aHo, M0 BUKOPHCTaHHS (HiOpOOETOHY 3 MOMIMPONUICHOBOKO (BiOPOI0 € EKOHOMIYHO BHUTITHHM
pilIEHHSIM IS IOpIT, sike 3a0e3medye HeoOX1IHy MIIHICT Ta 6e3neky nokputTs. Y [10] mokazano, mo
JMCTIEPCHE apMyBaHHS TOJITPONICHOBOIO (hiOPOIO TO3BOJISIE TABUIIIATH MIIHICTh 1 MOPO30CTIHKICTh
0ETOHY JOPOXKHBOTO MOKPUTTS (DAaKTUYHO HA TOMY 3K PiBHI, IIO 1 BUKOPHUCTaHHSA MeTaneBoi (iopH.
[Tpu poMy 3a paxyHOK MEHIIOI HEOOX1THOT KUTbKOCTI (hiOpH y cKimaai OETOHY BapTiCTh AUCIIEPCHOTO
apMyBaHHS MOJIIPONiIEHOBOIO (iOporo € meHmiow. Y [11] mokazaHo, 1110 MOTIMPOMNIJICHOBI BOJIOKHA
JIO3BOJISIFOTH 3MEHIITYBATH TUPUHY PO3KPUTTS TPILH B TIOKPHTTI.

Cain BiI3HAYNTH, 110 paI[iOHANbHA KUIBKICTh (p1OPU CYTTEBO PO3PI3HAETHCA B 3aJICKHOCTI BiJl
TEOMETPUYHUX PO3MIPIB BOJIOKOH 1 0cOOIMBOCTEN ckiany Oerony. Y [12] makcumanibHa MIIHICTh
Ha CTUCK 1 Ha PO3TAT MPHU 3THHI OETOHY JOPOKHBOTO MOKPUTTS kiacy B35 Oyna mocsrayra mpu
BBEJICHHI MOJIMPOIUJIEHOBUX BOJOKOH JAOBXHHOW 12 1 20 MM y kinmbkocTi 0,4%. Ilpu nibomy ¢idpa
3HA4YHO Mi/IBUIIYBaNa CTIHKICTh O€TOHY 10 6araTopa3oBOro HaBaHTaXeHHS. Y [7] BCTaHOBIIEHO, 1110
palloOHaTIFHUM 3 MO3HULIT 3a0€3MeYeHHs] MIIIHOCTI Ta JIOBIOBIYHOCTI OETOHY JOPOKHBOTO MOKPUTTS
€ BBEJCHHsA nojinpomniieHoBoi ¢idpu goBxkuHOor 12 MM y kimbkocti 1,2-2,0 kr/me. Y [10]
BCTAQHOBJIEHO, III0 pPAalliOHAJIBHOIO KIIbKICTIO (iOpu TOBXKHHOKWO 36 MM € 3 kr/m>. To6To s
KOXXHOTO BHJIy BOJIOKOH CJiJi BU3HAYaTH iX pallioHaJbHY KUIBKICTh 3 BPaxXyBaHHSIM OCOOJIMBOCTEN
OCTOHHOI CyMillIl Ta €KOHOMIYHOI JOIIIBHOCTI.

Takoxx cmiag BiA3HAYUTH, MO SKICTH POOOTH TUCHEPCHOTO BOJIOKHA B OETOHI CYTTEBO
3aJISKUTH BiJ HOTO 3uUerUieHHs 3 Marpuielo. Ha Take 34enyieHHs BIUTMBAE HE JIUINE THIT MOBEPXHI
BOJIOKOH, a 1 MIIHICTh OETOHY Ta OCOOJMBOCTI po3moiny 3amoBHioBaua [13, 14]. BiamosigHo B
3aJIe)KHOCTI BIJ PYXOMOCTI CyMilli Ta OcOOJIMBOCTEH ii Ckiaay HEOOX1JHO KOperyBaTH KiJIbKICTh
JTUCTIEPCHOT apMaTypH IS IiIBUILEHHS 11 €)eKTUBHOCTI.

[Tnactudikyrodi 1006aBKH Ha CHOTOAHI € (AKTHYHO OOOB’SI3KOBUM KOMITOHEHTOM OETOHHHUX
CyMillIeH, aje MpH 3aCTOCYBaHHI JUCIIEPCHOTO apMyBaHHs pallioHaJIbHA KIJIBKICTh MOJU(IKATOPY
MOX€ BIIPI3HATHCS BiJl HOTO paIioHATBHOI KUIBKOCTI JIJI1 HEapMOBaHOTO OeToHy. TOOTO KUJIBKICTh
MOAU(]IKATOPIB TAaKOK Ma€ KOPEKTYBATHCS B 3aJIeKHOCTI BiJl TUITY JUCIIEPCHOTO apMyBaHHS Ta
iHIIIX ocoOmuBoOCTE# ckiany 6etony [7, 15, 16].

BignosinHo 3amaya  po3poOku  epekTUBHHX (IOPOOETOHIB JOPOXKHIX MOKPUTTIB Mae
BUPINIYBATHUCS 3 BpaXyBaHHIM BHKIIAZICHUX BHIIE OCOOTMBOCTEH Ta HASSBHOT CHPOBUHHOI 0a3H.

MeTtoww po0OoTH € BU3HAUEHHS BIUIMBY KIJIBKOCTI IOMINpOMNiIeHoBoi  ¢ibpu 1
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cynepruiacTugikatopy Ha MIIHICTh OETOHIB JKOPCTKUX JOPOXKHIX MOKPUTTIB B PaHHbOMY 1
MMPOEKTHOMY BIIIi.

Marepiaau i MeToau gocaiakenb. B mocmipkeHHIX BIacTUBOCTEH OETOHIB 1 (iOpoOEeTOHIB
BHKOPHUCTOBYBAJIUCS TIEPETIUCHI HIDKUE MaTepiaiu:

— noptinanaiement [ II/A-K(IL-B)-500P supobnunrea TOB «llement» (M. Oneca);

— KBapIOBUH MicOK MUKHUTIBChKOTO Kap’epy (MukosaiBcbka 001acTh) 3 MOAYJIEM KPYITHOCTI
2,59, mutuii;

— rpaHiTHHH meOiHb pakmii 5-20 Mm;

— nobGaBka cyneprutactTudikaTop Ha ocHoBi nosikapookcmiatie STACHEMENT 2570/5/G
BupooHuITBa TOB «Craxema JIbBiB-cepBic» (M. JIbBiB);

— mominporiyieHoBa ¢idpa «X Mesh» 3 MOBXHHOIO BOJOKOH 39 MM Ta €KBIBaJICHTHHM
niamerpom 0,45 MM BupoOHUIITBa TOB «/[1ID» (M. IHINPO).

JlocipKeHHsT TPOBOAMIIMCS 32 ONTHUMAIBHUM 15-TH TOYKOBHM 3-X (akTopHUM IiaHoM [17,
18]. IIpu poBeieHHI SKCIIEPUMEHTY BapiroBAIMCs HACTYIHI ()aKTOPH CKIIaay OETOHY:

— X3, KUTbKICTh MOpTIAaHALEMeHTY, Big 350 no 450 KF/MS;

— X3, KIIBKICTB MoJIinporiyieHoBoi ¢iopu, Big 0 10 3 KF/MS;

— X3, KUTbKICTh 100aBKH cymnepruiactudikaropy, Big 1 1o 2% Bix Macu IeMEHTY.

[Inan ekciepuMeHTYy 1 CKIaau JOCTiakeHnx 0eToHiB 1 GpibpoOeToHiB HaBeneH1 y Tabmuii 1.

Bci cymimni manu piBHY pyxomicTs S1, 3HaU€HHSI OCaJIKU KOHYCY CKJIaaajo Bix 2 10 3 cM, Mo
nocAaranocs miadopoM KiTbKOCTI BOJIM y CKJIaJl 3 BIIMOBIIHIUM KOpPEryBaHHSM ckiiany 6eTony. Taka
pyxomicTh Oyna oOpaHa SK THIOBa JUIsi OCTOHIB JMOPOKHIX MOKPUTTIB MpH iX YKJIAJaHHI 3
3aCTOCYBAaHHAM OETOHO-YKJIaJadbHUKA 3 KOB3AIOYOI0 OMayOKOI0.

beronni 3pasku kyom posmipom 10x10x10 cm 1 mpmsmm po3mipom 10x10x40 cm
BurotoBisu 3rigHo JICTY b B.2.7-214:2009. BuznaueHHs MIiITHOCTI O€TOHIB Ha CTHCK 1 MIIIHOCTI
Ha PO3TSAT MPH 3rUHI mpoBoawtocs y Bimi 3 1 28 116 3rigao JCTY b B.2.7-214:2009.

Tabnuis 1 — [Inan ekciepuMeHTY 1 CKIIaAM TOCIiHKeHUX 0eToHIB 1 (pibpoOeToHIB

PiBHi ¢akTopiB Crxnaz 6eTony (kr/m°)

= =
2 % s % e S
S| 2| B8 £ E| 5| & 2 &
2|78 75| "8 E | §|E |8 8|2

= 54 ) = =

g &

= =
1 -1 -1 -1 350 1270 | 680 0 3,50 | 157
2 -1 -1 1 350 1270 | 700 0 7,00 | 145
3 -1 0 0 350 1270 | 690 15 | 525 | 148
4 -1 1 -1 350 1270 | 675 3 3,50 | 162
5 -1 1 1 350 1270 | 695 3 7,00 | 143
6 0 -1 0 400 1250 | 640 0 6,00 | 148
7 0 0 -1 400 1250 | 635 15 | 4,00 | 161
8 0 0 0 400 1250 | 640 15 | 6,00 | 151
9 0 0 1 400 1250 | 645 15 | 8,00 | 145
10 0 1 0 400 1250 | 635 3 6,00 | 167
11 1 -1 -1 450 1230 | 585 0 450 | 165
12 1 -1 1 450 1230 | 600 0 9,00 | 145
13 1 0 0 450 1230 | 585 15 | 6,75 | 151
14 1 1 -1 450 1230 | 580 3 450 | 171
15 1 1 1 450 1230 | 590 3 9,00 | 155
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Pesyabratu gocaizaxens. Cymimn BCiX JOCHiIKEHUX OETOHIB 1 (iOpOOETOHIB Malu pPiBHY
pyxomicte S1, BimnmoBigHo ix B/ 3anexano Binm ckiany. ExcrniepumenrtansHo-cTatucTudHa (EC)
Mozensb [17-19], mo onucye BB BapiiioBanux (akTopiB Ha B/L] cymimni Mae BUTIIS:

B/L[=0,380 —0,040x; +0x;°  +0,003X:X> + 0x1X3
+0,009x, + 0,013x,° + 0XX3
~0,021x3 + Ox3? (1)

IMone manoi EC-momeni [19] mae wminimanbHe 3HadeHHs B/L{min = 0,316 y Toumi 3
KoopauHaTaMu X1 = X3 = 1, Xp = — 0,74 1 makcumanbhae 3HaueHHS B/Imax = 0,461 y Touri 3
KoopauHaTamu X1 = X3 = — 1, Xp = 1. To6ro Haiimenme B/L] HEPOFHO3OB3.HO MaloTh OETOHHI CyMiIlli 3
MaKCHUMaJIbHOIO0 KiIBKICTIO mopTiaaHaieMmenty (450 xr/m°) i cymepmiactudikaropy (2%) Ta
npaktuyHo 6e3 (iOpu. Haiibineme B/Ll dikcyeTbes Mg cymimi 3 MiHIMAIbHOIO KUTBKICTIO
noptianauemMenty (350 KF/M3) 1 cynepmiactudikaropy (1%) Ta MakcumanbHOIO KUIbKICTIO (iOpu
(3 xr/m).

3a EC-monemmto (1) 6yna moOynoBana mgiarpama y ¢popMi KyOa, sika nokasaHa Ha puc. 1.

Jlo6aBKa

])(3(%)

Puc. 1. Bius BapiiioBanux ¢akropiB ckiagy Ha B/I] 6eToHHOT cymillli piBHOT pyXOMOCTI

Amnaniz EC-monem (1) 1 giarpamu Ha puc. 1 mokasye, IO HpU 3pOCTaHHI KiTBKOCTI
MOpTIaHALEMEHTY y ckiaal Oerony B/I] OeroHHOi cymimi piBHOI pPyXOMOCTI OYIKyBaHO
3HWXKYEThCA. 3a paxyHOK MiJBHMILEHHS KUIBKOCTI cymepruiactudikatopy 3 1 mo 2% Big macu
nementy B/Ll cymimn 3Hmkyetses Ha 10-12%. [Ipu BBeneHHi nominpormninaeHoBoi Gpidpu y KiTbKOCTI
g0 1,5 xrim® B/ CyMIIlll TPAKTUYHO HE 3MIHIOEThCSA. TOOTO BHUKOPHUCTAHHS TaKOi KiTbKOCTI
BOJIOKHA Mail’)ke He NMoTpedye N0aTKOBOIO BBEAECHHS BOJU JUIsl 30€peeHHS PIBHOI PyXOMOCTI
cymimi. Ane npu HiABHMIIEHHI KiibkocTi pidpu g0 2,5-3 kr/m® B/L1 cngimi 3pocrae Ha 5-6%, 1m0
€KBIBaJICHTHO 3POCTAHHIO KUTBKOCTI BOJIU y CKiIai OeToHy Ha 8-10 j1/m”.

MinnicTe O€TOHIB Ha CTHCK 1 Ha PO3TAT NpHU 3rMHI OETOHIB BU3HAUaNacsi B PaHHbOMY 1
npoektHoMy Bimi. EC-Mozemi, mo BimoOpakaloTh BIUIMB BapiioBaHWX (AKTOPIB CKIagy Ha
MIIHICTh HAa CTUCK JOCHIKEHUX OeToHIB 1 (i6poOeToHiB y Billi BiAMOBiAHO 3-X 1 28 n1i0 MaroTh
BUTJISI:

fons (MITa) = 47,84 +249%; +0x:°  +0xiXo — 1.28X1X3
+0X;  —2,80%° — 1.13XoX3
+2,80x3 =+ 0xs’ 2)
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fon (MITa) = 73,04 +6,53x; —1,43%> +0,76X1X2 + 0X1X3
+0,95x, —2,03x,° — 1,04%,X3
+4,39%3 — 2,53x3° (3)

IMonst [19] EC-monencit (2) i (3) maroTh MiHiManbHi 3Ha4eHHA femamin = 37,31 Mlla i
femmin = 54,91 MIla y Toulii 3 KoopanHATaMu X1 = X2 = X3 = —1. To0TO 5K y Bimi 3-x 110, TaK i y Bili
28-Mu 110 HaliMEHIITy MIIHICTh Ha CTHCK Ma€ OETOH 3 MIHIMAJIBHOK KUIBKICTIO MOPTJIAH/IIIEMEHTY,
6e3 ¢ibpH 1 3 MiHIMAIBHOIO KIJIBKICTIO CcynepIutacTugikatopy. MakcumanbHe 3HaU€HHS MIITHOCTI Yy
Bitli 3-X 110 femamax = 51,97 MIla mae ckiaa y Todmi 3 KoopauHatamu x; = x3 = 1, x, = —0,09. V
Bili 28-mu 1i0 MakcumaibHe 3HaYeHHS MIMHOCTI femmax = 80,14 MIla Mae ckmax y Tourli 3
koopauHaTamMu X1 = X3 = 1, X = 0,21. ToO6TO HaWOLIBITY MIIHICTh MPU CTUCKY Yy PAaHHBOMY Ta
MPOEKTHOMY BIilll MarOTh ckyiagu GiOpoOETOHIB 3 MaKCUMAIbHOK KUIBKICTIO MOPTIAHAIIEMEHTY 1
cynepriacTu(ikaTopy Ta 3 KUIBKICTIO JHCIEPCHOI apMaTypH, OJIM3BKOI J0 CEPEIUHH Jiana3oHy
BapiloBaHHs, TOGTO IPHOIH3HO 1,5 Kr/nm’.

[To6ynoBani 3a EC-monensamu (2) i (3) aiarpamu mokasasi Ha puc. 2.

JlobaBka

Puc. 2. Bnnus BapiiioBaHux (QakTopiB CKJIaAy Ha MIIHICTh Ha CTUCK OETOHIB 1 (10p0OETOHIB:
a—y Bii 3-x ai0, 0 — y Biui 28-mu 116

Sk BUIHO 3 giarpaMm Ha puc. 2, BKe Yy Billl 3-X 110 MIIHICTh HA CTUCK JTOCIIDKEHUX OCTOHIB 1
¢$16po0eToHIB cTaHOBUTH 63-69% Bij X MIITHOCTI Yy MpoeKTHOMY Bimi. L{e mocsraeTbesa Hacammepen
3aBAsku 3actocyBaHHio nopTiaananementy [ [I/A-K(IL-B)-500P, To6To 3 miABUIIEHOIO PaHHBOIO
MIIHICTIO, @ TakoX e(eKTHBHOTo cynepruiacTudikaTopy momikapookcuiatHoro tumy. Ilo mipi
3pOCTaHHA KUIBKOCTI MOPTIAHALIEMEHTY Yy CKjiaal OeTOHIB iX MIIHICTh IPOrHO30BAaHO
30UIBIIYETHCS, TPU LILOMY IMPH MIJBUINEHHI KUIbKOCTI B’sbkydoro 3 350 o 400 kr/mM® MilHiCTB
3pocTae OUIBIN BIIYTHO, HIXK 32 PaXYHOK MOAAJIBIIOTO MiABUIIEHHS KUIBKOCTI B’ sKydoro 3 400 mo
450 kr/v.

3a paxyHOK MiZIBUIICHHS KiTbkocTi cynepruactudikatopy STACHEMENT 2570/5/G 3 1 no
2% BiJ Macu MOPTIAHILEMEHTY MIIHICTh Ha CTUCK OeTOHIB 1 PpiOpobeToHiB y Bili 3-X ai0 3poctae
Ha 4,5-6 Mlla, y Bimi 28-mm ni6 — ma 7-9 Mlla. lle € pe3ynpTarom cyrreBoro 3HMkeHHS B/L]
CyMillll IIpH 3acTOCYBaHHI JaHoro Monudikaropy. Ilpu 1ipoMy y aiana3oHi BapitoBaHHS KUJIBKOCTI
cynepmiactudikaropy Bia 1,6 10 2% MilHICTh OETOHIB 3MIHIOETHCS HEICTOTHO 1 € OJIM3BKOIO JI0
MaKCUMaJIbHO1, TOOTO TaKy KUIbKICTh MOJU(IKATOPY MOKHA BBaXKATH PaLliOHATIBHOIO.

Y paHHBOMY Ta y TPOEKTHOMY BIIli MO Mipi 3pOCTaHHS y CKJaal OETOHY KITBKOCTI
noJinpomnineHosoi ¢idpu 1o 1,5-1,8 kr/m Horo MirHiCTh Ha CTHCK HiABHUIYETHCS B CEPETHHOMY Ha
3 MIla. [omanpire miaBHINEHHS KUTBKOCTI (iOpU BiKE HETaTHBHO BiJOOpakaeThCs HA MIITHOCTI
0€eTOHY, 110 MOXHA MOSCHUTH BILTMBOM JUCIEPCHOrO apMyBaHHs Ha B/I cymimi.
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B ninomy moaudikoBani piOpobeToHn NpH paLioHATIbHIM KUIBKOCTI CynepIuiacTugikaTopy i
JTUCTIEPCHOI apMaTypu Yy MPOEKTHOMY Billl MaloTh MIIHICTh Bix 65 mo 80 MIla B 3anexxHOCTI Bif
KUTBKOCTI MOpTIaHAneMeHTy. Bxe y Bimi 3-x ni6 moaudikoBani (iOpoOeToHHM pallioHAIBHUX
CKJIaJ[iB MalOTh MIIHICTh Ha CTUCK Biax 45 nmo 54 Mlla, mo copolrye BUKOHAHHS TOAQIBIINAX
TEXHOJIOTIYHHUX MPOLECIB MpH OYIIBHUITBI aBTOAOPIT 1 y pa3y He0OXiIHOCTI JO3BOJISIE IPUCKOPUTH
BIIKPUTTS pyXy TPAHCHOPTY IO JUISHII JOPOTH, IO OyIYETHC.

KoHcTpykuii  KOPCTKHX JOPOXKHIX TMOKPUTTIB MPALIOIOTh B yMOBAaX PI3HOCHIPSMOBAHUX
HaBaHTXKEHb B Jii TPAHCIOPTY, IO pyXaeTbcs. BianmoBigHo st GETOHIB JOPOXKHIX MOKPUTTIB
BYKJIMBUM TTOKa3HUKOM SIKOCTI € MIIIHICTh Ha PO3TAT MPH 3THHI. XapaKTEPUCTUKA MIITHOCTI OCTOHY
Ha PO3TIr MPHUIIMAEThCA SK OJHA 3 OCHOBHUX IPHU PO3PaXyYHKY KOHCTPYKLII OPIr 3 KOPCTKUM
nokputtsim [2, 20]. EC-momeni, mo BigoOpakaioTh BIUIMB BapiioBaHUX (aKTOPIB CKJIaay Ha
MIIHICTh Ha PO3TAT MPH 3ruHI OETOHIB 1 piOpPOOETOHIB Yy Billi 3-X 1 28-Mu 110 MarOTh BUTJISL;

foirs (MIla) =528 +0,71x; +0xi®  +0,16X1Xo + 0,15x:X3

+0,16x, =+ 0x, —0,15x%,X3

+0,46x3 — 0,33x5° (4)
fof (MITa) =6,48 +0,23x;  +0xi° +0xix; —0,14%:X3

+0,07%, —0,22%,° + 0XoX3

+0,30x3 —0,23x5° (5)

Jlns nanux EC-mojeneil mosis BIACTUBOCTEW MalOTh MiHIMaidbHI 3Ha4YeHHS foifzmin =
3,80 MIla i fcirmin = 5,31 MIla y Toumi 3 KoOpauHaTaMu X; = X = X3 = —1. ToOTO HaliMeHITy
MIIHICTh Ha PO3TAT MPH 3rUHI Mae OETOH 3 MIHIMAILHOIO KIJIbKICTIO MOPTIaHALIEMEHTY, 6e3 ¢iopu 1
3 MiHIMaJIBHOIO KUTBKICTIO CyNepIuIacTu(ikaTopy, M0 aHAIOTIYHO CKIIany, SKHH XapaKTepU3yeThCs
HaWMEHIIIOK0 MIIIHICTIO Ha CTUCK. MakcuMasbHe 3HAY€HHS MILIHOCT1 Ha PO3TSAT MPH 3TUH1 y Billi 3-X
10 feizmax = 6,41 MIla mae ckian y Todii 3 KoopauHaTamu X1 = Xz = 1, x3 = 0,71, To0OTO mpu
MaKCUMaJbHIN KITBKOCTI MOPTIAHALEMEHTY 1 (ibpu Ta 3 KUIBKICTIO cynepruiactTudikatopy
npubmzno 1,8%. V Bimi 28-Mu 116 MakcHMabHe 3HAYEHHS MIITHOCTI Ha PO3TAT TIPH 3THHI Te tf max =
6,74 MIla mae cknajg 6eToHy y Toull 3 KoopAuHaTtamu X1 = 1, X2 = 0,16, xo = 0,36, To6TO NIpH
MaKCUMaJbHIA KUIBKOCTI TOPTIAHIIEMEHTY, 3 KUIbKICTIO (iOpu mpubiuzHo 1,8 kr/M° Ta
cyneprutactudikatopy npubdausso 1,7%.

[Tobynosani 3a EC-monensmu (4) i (5) giarpamu mokasasi Ha puc. 3.

X, , @iopa (a)

Puc. 3. Bnnus BapiifoBaHux (gaxTopiB CKJIaay Ha MIIIHICTb HA PO3TAT MpU 3TUHI OETOHIB 1
¢$i16poOeToHiB: a — y Bili 3-x 110, 0 — y Biwi 28-Mu 116
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SIK BUHO 3 TIOKa3aHUX Ha puc. 3 miarpam, Mo Mipi 3pOCTaHHS KUIBKOCTI MOPTJIAHALIEMEHTY
MIIHICTh Ha PO3TAT TPH 3THHI JTOCTIPKEHUX OeTOHIB 1 (PiOpOOETOHIB OYIKYBaHO MMiJIBHIMYETHCSA. Y
pPaHHBOMY Billl BIUIMB KUIBKOCTI B’SKY4Oro Ha BelWYMHY fcif € OULIbII BigquyTHHM, HDK Yy
MIPOEKTHOMY Billi. 32 paXyHOK 30LIbIICHHS KUTLKOCTI opTaaHAneMeHTy 3 350 mo 450 Kr/m® y BiIli
3-X 11106 MIIHICTh HA PO3TAT MPH 3THHI OETOHY MiABUIIYEThCA B cepennbomy 1,4 MIla, a y Bini 28m
ni6 — wa 0,5 MIla. Ile Moxe OyTH TOSICHEHO 3MEHIIECHHSM BIUIMBY MIITHOCTI CaMOi IIEMEHTHO-
MiIIaHoI MaTpUIli Ha OMip HANpYXEHHAM, IO BHHHUKAIOTH MPHU PO3TATYBAaHHI, Yy TMOPIBHAHHI 3
BIUIMBOM ii aJre3ii o KpyIHOI'o 3all0BHIOBaYa IIPH 3pOCTAaHHI BIKY KOMIIO3UTY.

HeszanexHo Bij Biky HallOUIbLITy MIIHICTh Ha PO3TAT MPH 3TMHI MAlOTh OCTOHM 3 KIIBKICTIO
cynepmiatudikaropy 1,7-1,8% Big mMacu 1leMeHTy, 110 Mailke CIIBINAjga€ 3 Jlalma3oHOM KUTbKOCTI
no0aBKyM, SKWH 3a0e3neyyBaB HAWOLIBIIYy MILIHICTh HpPU CTUCKY. 3aBASKH 3aCTOCYBAHHIO
JUCIIEPCHOTO apMyBaHHS MIIIHICTh HA PO3TAT MPHU 3THHI JOCIIDKEHUX OETOHIB MiJABUIIYETHCS Ha
0,3-0,5 MIla. ¥ panabomy Bimi Oinblna e(EeKTUBHICTh MPOCTEKYETHCA IPH 3aCTOCYBaHHI
MaKCUMabHOI KUIBKOCTI (iOpu, a y MPOEKTHOMY Billl — npH Kiabkocti 1,5-1,8 Kr/M°, 10
AHAJIOTIYHO Jliana3oHy, AKUi 3a0e3reuyBaB TaK0K HaOLIbIII MOKa3HUKH 100 MIITHOCTI Ha CTUCK.
Taxuit edext BiJ 3MiHU KUTbKOCTI (h10pH y cKi1aJi MOKHA MOSICHUTH ii BItuBoM Ha B/L] cymii, 1o
ornucano Bumie. Ciig BigMuTH, 1m0 (iOpa BUKOPHCTOBYBAJIACS B JaHUX OETOHAX HE JHUINE IS
MOKPAIIEHHs X MII[HOCTI, a i JOBroBiuHOCTI [7].

B mimomy npu 3acTocyBaHHI palioOHAJIBHOI KUIBKOCTI 100aBKH 1 (iOpy MIIHICTH HA PO3TAT
IIpH 3THHI JOCHiPKeHUX OeToHiB ckianae He meHin 6 MIla, mo BinmoBigae kiacy Bpip4,8. 3rimHo
Bumor JIBH B.2.3-4:2015 [20] taki OeTOHM MOXYTh BUKOPHCTOBYBATHUCS JJISl KOPCTKHX JOPOKHIX
MIOKPUTTIB JIOpIir Oyab AKOi KaTeropii.

BuCHOBKH i nepcneKTHBU MOJAJIBLIINX A0CTiIKeHb. [IpoBeneHi 3 BUKOPUCTaHHIM METOJIIB
ONTHMAJILHOTO IUIAHYBaHHS EKCIIEPUMEHTY JOCHIPKEHHS JO03BOJIMJIM BU3HAUYUTHU BIUIUB KUIBKOCTI
N00aBKH cyrepruiacTu(ikaTopy Ha OCHOBI MOJIKApOOKCHIIATIB 1 TIOMIMPOITiIEHOBOT iOpH HA MIIHICTh
OETOHIB )KOPCTKUX JIOPOXKHIX MOKPUTTIB. BCcTaHOBIEHO, 1110 palliOHAIBHUM 3 TOUYKY 30pYy JOCATHEHHS
O1IBII0T MIHOCTI SIK Y Bimli 3-x, Tak i 28-mu 11i6 € Bukopucranus no6asku STACHEMENT 2570/5/G
y kinpkocti 1,7-1,8% Big Macu nieMeHTy Ta nosminponiieHoBoi Gpidpu «X Mesh» 3 TOBKHUHOIO BOJIOKOH
39 MM y kinbkocTi 1,5-1,8 kr/M°. Hagith MIPY MIHIMAJIBHIN KUTBKOCTI LIEMEHTY Y CKJIa/Il MIIIHICTh TaKHX
OeTOHIB Ha CTUCK ckJasiae He MeHI 65 Mlla, Ha po3Tsr npu 3rusi — He MeH 6,0 Mlla, mo 1o3Bossie
BHUKOPUCTOBYBATH X JUIS )KOPCTKUX JOPOKHIX TOKPUTTIB JIOPIT yCIX KaTeropiil, BKIOYAOUH HEepITy.
[Tpu OyniBHULTBI HAWOUIBII 3aBAaHTAKEHUX AUISHOK JIOPIr MOYKHAa BUKOPHCTOBYBATH MOAM(IKOBaHI
¢$i06poberoni 3 miaBumieHor0 10 400-450 Kr/M® KiIbKICTIO [EMEHTY Y CKJIaJi, 10 3a0e3MeUnTh OUTBITY
KOHCTPYKTUBHY Ha/IIHICTh TOKPHUTTSL.

Y nopanpimioMy mnepen0adeHO JOCHIKEHHs BIUIMBY KIJIBKOCTI cynepruiacTudikaTopy 1
NOJINpoMniieHoBoT (iOpu Ha JOBrOBIYHICTH OETOHIB JKOPCTKMX JOPOXHIX IOKPUTTIB, fKa B
TUIOBUX YyMOBaX eKCIUTyaTallii aBTOMOOUIBHHX JOpir YKpaiHW OOYMOBIIOETHCS HacaMIiepe]
MOPO30CTIHKICTIO 1 3HOCOCTIMKICTIO OETOHY.
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Abstract. According to the optimal plan, an experiment was conducted in which the following
factors of the concrete composmon of rigid pavements were varied: the amount of Portland cement
(from 350 to 450 kg/m®), the amount of polypropylene fiber with a fiber length of 39 mm and an
equivalent diameter of 0.45 mm (from 0 to 3 kg/m®), the amount of superplasticizer based on
polycarboxylates (from 1 to 2%). All concrete mixtures had equal mobility S1. Equal mobility was
achieved by selecting the amount of water in the composition with appropriate adjustment of the
concrete composition. It was established that with an increase in the amount of Portland cement in the
concrete composition, the W/C of mixtures of equal mobility decrease. By increasing the amount of
superplasticizer from 1 to 2% of the weight of cement, the W/C of the mlxture decreases by 10-12%.
When polypropylene fiber is introduced in the amount of up to 1.5 kg/m®, the W/C of the mixture
practically does not change. But when the amount of fiber is increased to 2.5-3 kg/m?, the W/C of the
mixture significantly increases.

The strength of concrete and fiber concrete was determined at the age of 3 and 28 days. It was
established that at the age of 3 days, the compressive strength of the tested concretes is 63-69% of its
strength at the design age. By increasing the amount of superplasticizer to 2%, the compressive
strength increases by 4.5-6 MPa at the age of 3 days, and increases by 7-9 MPa at the age of 28 days
In the early and design age, when the amount of polypropylene fiber increases to 1.5-1.8 kg/m®, the
compressive strength of concrete increases by an average of 3 MPa. A further increase in the amount of
fiber already has a negative effect on the strength of concrete. At an early age, the influence of the
amount of cement on the flexural strength of concrete is more notlceable than at the design age. Due to
the increase in the amount of Portland cement from 350 to 450 kg/m?® at the age of 3 days, the flexural
strength increases by an average of 1.4 MPa, and at the age of 28 days it increases by 0.5 MPa.
Concretes with amount of superplasticizer 1.7-1.8% have the highest flexural strength. Thanks to the
application of dispersed reinforcement, the tensile strength of the tested concretes increases by 0.3-0.5
MPa. When using a rational amount of additives and fiber, the flexural strength of the tested concretes
is at least 6 MPa, which corresponds to the class Bpw4.8. According to the requirements of DBN B.2.3-
4:2015, such concrete can be used for rigid pavements of any category.

Keywords: rigid pavement, modified fiber concrete, polypropylene fiber, superplasticizer,
strength.
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Abstract. Comparative microanalysis and elemental analysis of the structure of chips of concrete
composites of different strength from compressive structures were used. Analysis of the microstructure
of concrete chips was performed using a scanning electron microscope from Oxford SU 70 using a
CCD detector. Elemental analysis of objects was performed using energy-dispersive X-wave
spectroscopy (EDC analysis). The method of energy-dispersive X-wave spectroscopy is used. The
character of opening of cracks of concrete samples in the course of their destruction is analyzed. From
the data of X-ray and spectral analysis it follows that in a series of samples of strength of 120 MPa in
the process of hydration of clinker minerals during hardening of concrete a number of chemically
active substances is formed. These are primarily potassium oxide hydrate, calcium silicate hydrate
(HSC) and structural gel models such as Janite and Tobermorite. Modification of the concrete
composite with a complex of MK and MTK create conditions for the conversion of unstable and
soluble calcium hydroxide into a strong crystalline hydrate of calcium silicate.

The structure of concrete compacted in this form gives a significant increase in strength. The
influence of ultrafine modifiers on the microstructure of cement stone formed during the operation
of the structure and the strength of concrete are determined. The results of the scanning electron
microscopy analysis show that the phase sizes differ slightly, but are not larger than =20 pum.
Characteristic destruction of the sample with a strength of 120 MPa occurred in the main cracks,
which develop due to the greater number of phases in contrast to the nature of the destruction of the
sample with a strength of 50 MPa, which broke mainly on one structure. The complex of modifiers
based on microsilica and metakaolin in the concrete mixture creates conditions for the conversion of
unstable and soluble calcium hydroxide into a strong crystalline hydrate of calcium silicate. When
using cement with a low content of C3S less than =50% significantly complicates the production of
high-strength concretes, in particular when using silica and metakaolin, because the effectiveness of
these additives implies the presence of excess portlandite Ca (OH), in the curing system, while
systems with low C3S content is characterized by a reduced content of Ca (OH)s,.

Keywords: concrete, compressive structures, ultrafine modifiers, energy-dispersion x-wave
analysis, scanning electron microscopy.

Introduction. The implementation of a complex of physicochemical methods for diagnosing the
state of the structure of concrete composites in structures is an urgent task today. Since the new
approach to the chemical modification of the commercial concrete mixture poses the problems of
substantiating the cause-and-effect relationships of structure formation and quality control of the raw
material, which is a necessary condition for obtaining high-strength concrete.

The development of ways to reduce structural defects and limit the deformable properties of
concrete becomes an important task for both research and engineering practice. In particular, this is
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relevant for high-strength concrete composites, for which the filling density at the micro- and
nanostructural level is an important characteristic. Among the technological factors that affect the
formation of a concrete matrix of high structural strength and density is the modification of the
concrete composite with a complex of finely dispersed modifiers based on amorphous condensed silica
with a specific surface area of <250 m%g [1]. Highly active pozzolans lead to a decrease in porosity
and Ca(OH), content, which, in turn, affects the generation of calcium hydrosilicates [2].

The paper analyzes data from scanning electron microscopy [3] of chips of concrete
composites of different component composition and strength, which was determined
experimentally. Energy dispersive X-wave spectroscopy was used to determine the elemental
composition of the formed fracture phases.

Analysis of recent research and publications. The experience of international research [4-10]
indicates that the structure of high-strength concrete is formed mainly from low-base calcium
hydrosilicates (CSH-1) and such structural models of cement gel as Jenite and Tobermorite.
However, there are a number of factors that can affect the physical and mechanical properties of
concrete. First of all, these are microcracks caused by autogenous shrinkage [11-15], which
significantly reduces the resistance of concrete to aggressive environments, and defects in the
interphase transition zone between the cement matrix and large aggregate aggregates [16].

The purpose of the work is to substantiate the cause-and-effect relationships of the processes of
concrete stone structure formation and their influence on strength indicators for physical and mechanical
tests. For this purpose, two experimental recipes of concrete mixture from structures were selected.

Research materials and methods. To compare the structure, samples with a compressive
strength of 50 MPa (sample #1) and 120 MPa (sample #2) were selected, which was modified with
a complex of finely dispersed modifiers based on microsilica (MC) and metakaolin (MTK).

Analysis of the features of the microstructure of concrete chips was carried out using a
scanning electron microscope of the Oxford SU 70 company using a CCD detector. Elemental
analysis of objects was carried out using energy dispersive X-wave spectroscopy (EDX analysis).

A high vacuum (10-7 mBar) was created in the microscope chamber to eliminate the
interaction of electrons with air molecules. To eliminate impurities and create a vacuum, the
chamber was additionally equipped with a vessel cooled by liquid nitrogen, designed to condense
impurities and cool the X-wave radiation spectrum analysis detector.

Physical and mechanical tests of concrete samples were carried out in accordance with current
normative documents DBN B.2.7-64, DBN B.2.7-65, DBN B.2.7-69, DSTU B B.2.7-96, DSTU B
B.2.7-114. The determination of compressive strength was carried out on a P250 hydraulic press,
the loading of the samples was carried out continuously at a speed that ensures an increase in the
calculated stress in the sample until its complete destruction within (0.6 £0.4) MPa/s.

Research results. The microstructure of the concrete composite plays a decisive role in the
formation of the mechanical properties of the concrete composite. With high stress gradients that occur
in reinforced concrete structures, thermal shocks, freezing of water, the homogeneity, dispersion and
phase composition of the cement matrix affects the development and character of deformations.

From the scanning electron microscopy data in Fig. 1 and energy dispersive X-wave
spectroscopy Fig. 2. the list and relative content of elements characterizing the phase composition of
the fracture surface of sample No. 1 was determined. The list of elements in Table 1 and their
percentage content indicates the presence in the concrete matrix of fractured calcite CaCOs, which was
formed as a result of the reaction of calcium oxide with atmospheric carbon dioxide in the presence of
moisture and has a spherical structure with low adhesion and cohesion to cement stone. High
concentrations of calcite on the fracture surfaces are present due to the fact that the fracture of the
concrete structure mainly occurs in areas of lower strength, in which such a phase is present, which is
confirmed by EDH analysis data. From the results of EDH spectroscopy, it can be assumed that the
greater the dispersion of the phase components of calcite, the higher the concentration of aluminum
atoms and the lower the concentration of silicon atoms.
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Fig. 1. Electronic raster images of the surface of concrete fractures from structures of sample No. 1
of various scales
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Fig. 2. Elemental map of concrete sample No. 1 according to the results of EDH analysis ()
and the results of energy dispersive X-wave analysis (b)

Table 1 — Elemental composition of broken concrete of sample No. 1

Element ApparenF Wt% Standard Label
Concentration

C 108.28 19.27 C

O 285.15 4450 SiO;

Na 5.13 0.45 Albite
Mg 2.27 0.21 MgO

Al 10.60 0.82 Al,O3

Si 55.79 3.86 SiO,

K 19.90 1.07 KBr
Ca 495.17 29.03 Wollastonite
Fe 10.54 0.79 Fe

In Fig. 3, 5 show fragments of raster electron microscopy images of sample #2. Elemental
analysis in Table 2, which indicates the presence of mainly low- (CaO/SiO,~1.8) and high-basic
(CaO/Si0x2.6) phases of calcium hydrosilicates, as well as unreacted microsilica particles, in the
concrete structure. Compared to sample No. 1, the structure of sample No. 2 is characterized by a
greater number of phases and their heterogeneity. It can be assumed that this is what significantly
increases the compressive strength for sample #2, which is associated with a higher specific surface area
of pozzolan particles, which are able to react faster with Ca(OH),, forming a denser microstructure.
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Fig. 3. Electronic raster images of the fracture surface of concrete from structures of sample No. 2
of various scales

The failure of the concrete sample under a pressure of 120 MPa occurred with the formation of
fractures with a predominant amount of calcium hydroxides, which are denser and stronger than the
structure prevailing in the fractures of samples No. 1, in which the fracture occurred through calcite
with a Mohs hardness of 3. All phases of hydration in the second sample is more evenly distributed,
unlike the first. From the results of the analysis of scanning electron microscopy, it follows that the
sizes of the phases differ slightly, but are not larger than =20 um. The characteristic failure of sample
No. 2 occurred along the main cracks, which develop due to a greater number of phases, in contrast to
the nature of the failure of sample No. 1, the failure of which occurred mainly along one structure.

From the X-ray and spectral analysis data shown in Fig. 4, it follows that in a series of samples
with a strength of 120 MPa, a number of chemically active substances are formed in the process of
hydration of clinker minerals during concrete hardening. These are primarily potassium oxide hydrate,
calcium silicate hydrate (GSK) and such structural gel models as Jenite and Tobermorite. Modification
of the concrete composite with the MK and MTK complex creates conditions for the transformation of
unstable and soluble calcium hydroxide into strong crystalline calcium silicate hydrate. The structure
of concrete compacted in this way gives a significant increase in the strength index.
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Fig. 4. X-ray analysis of concrete (a), and SEM image of the microstructure of a section of the
concrete surface of sample #2 (b)

In addition, when MK is introduced into the liquid phase of the cement dough, a silicon oxide gel
is formed, which subsequently adsorbs free Ca2+ and OH ions with the formation of weakly crystallized
low-basic HSCs. Under limited conditions, low-base HSCs lead to an increase in the number of gel
pores and a decrease in open porosity. Such closed pores prevent the propagation of cracks in the depth
of the solid body, because the stress drops very quickly from high values on the surface of the pore to
low values in its inner parts, that is, small closed pores prevent the process of material destruction.
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Fig. 5. Elemental map of the concrete sample of formulation No. 2 according to the results of EDH
analysis (a) and the results of energy dispersive X-wave analysis (b)

Table 2 — Elemental composition of fracture of the concrete sample of formula #1

Element Apparenfc Wt% Standard Label
Concentration

O 393.92 50.40 SiO;

Na 3.87 0.34 Albite
Mg 3.43 0.31 MgO

Al 19.98 1.52 Al,O3

Si 257.48 17.81 SiO;

S 12.53 0.90 FeS,

K 17.78 1.03 KBr
Ca 439.97 26.75 Wollastonite
Fe 12.70 0.94 Fe

Conclusions: a complex of modifiers based on microsilica and metakaolin in the concrete
mixture create conditions for the transformation of unstable and soluble calcium hydroxide into
strong crystalline calcium silicate hydrate. The concrete structure compacted in this way increases
the strength and durability of reinforced concrete structures. In addition, when MK is introduced
into the liquid phase of the cement dough, a silicon oxide gel is formed, which subsequently
adsorbs free Ca2+ and OH ions with the formation of weakly crystallized low-basic HSCs.
Structural models of cement gel, such as Tobermorite and Jenite, are essentially a complex
nanomaterial consisting of many separate layers of molecules with different properties, which are
formed into a kind of structural composite. Determination of the physical and mechanical properties
of these structures requires a more in-depth study using already existing diagnostic methods.

It should also be noted that the use of cement with a low C3S content of less than =~50%
significantly complicates the production of high-strength concrete, in particular when using silica
and metakaolin, since the effectiveness of the use of these additives requires the presence of excess
portlandite Ca(OH), in the hardening system, while how systems with a low content of C3S are
characterized by a reduced content of Ca(OH)..
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Anoranisi. [IpoBesicHO MOPIBHUIBHUN MIKpOaHATI3 Ta €JIEMEHTHHN aHalll3 CTPYKTYpPH CKOJIiB
OCTOHHMX KOMITIO3MTIB Pi3HOI MIITHOCTI 3 KOHCTPYKIIH, SIKi HpAIfOrOTh Ha CTUCK. JIs TOpPiBHSHHSA
CTPYKTypu BHOpaHO 3pa3ku 13 MminHicTio Ha ctuck 50 MIla, ta 120 MIla skuit moaudikoBaHO
KOMIUIEKCOM JIpiOHOIMCTIepCHIX MoH(DikaTopiB Ha OCHOBI Mikpokpemuesemy (MK) ta merakaominy
(MTK). Amnaniz oco0iauBOCTEHl MIKPOCTPYKTYpU CKOJIIB OETOHY MPOBOJIWIA 3a JIOTIOMOTOIO
CKaHyI4oro enekTpoHHoro mikpockomna ¢ipmu Oxford SU 70 3 Bukopucranusm CCD-perekropa.
EnemenTHuii aHamiz 00’€KTIB TMPOBOAMBCS 3a JOIMOMOIOI EHEProJAUCIEpCiiHOT  X-XBHUIHOBOT
cunekrpockomii  (E/IX-anamizy). BukopucraHO  MeTOX — €HEProaucrepciiHoi  X-XBHIIbOBOI
cnektpockorii. [IpoaHanizoBaHO XapakTep PO3KPUTTS TPINMH OETOHHMX 3pa3KiB B TIpoIeci iX
pyiiHyBaHHS. 3 JaHUX X-TIPOMEHEBOTO Ta CIEKTPAILHOTO aHaJli3y CIIi/Iye, IO B cepii 3pa3KiB MIIHOCTI
120 MIla B mporeci rigpatamii KJIIHKEpHUX MiHEpaliB MpPU TBEPHAIHHI OETOHY YTBOPIOETHCS Pl
XIMIYHO aKTHBHHUX pedoBHH. Lle B mepury uepry — riipar Kajilo OKHCY, TiIpaT CUIIIKATy KaJbIIifo
(I'CK) Tta Ttaki ctpykrypHi mozenmi remo, sk Jxenit 1 ToGepmopit. MoaudikyBanHs OGETOHHOTO
komro3uty komruiekcom MK i MTK cTBOprOIOTH yMOBH [UIsi NEPETBOPEHHS HECTAOUIBHOTO 1
PO3UMHHOTO T1IPOKCUY KaJIbIIII0 B MIITHUIA KPUCTAIIIYHUH T1APAT CHIIIKATY KaJbIIO.

VYiigpHeHa B IbOMY BHUIJISIII CTPYKTypa OCTOHY Ja€ 3HaYHUN MPUPICT MOKA3HUKA MIIHOCTI.
Bu3HayeHO BIUIMB yNbTPaMCIEPCHUX MOAM(DIKATOPIB Ha YTBOPEHY B MpOLECi eKCIUTyaTarlil
KOHCTPYKLIi MIKPOCTPYKTYPY LIEMEHTHOIO KaMEHIO Ta MIIHICTh O€TOHY. 3 pe3ysbTaTiB aHaji3y
CKaHYIOYOi €JeKTPOHHOI MIKpOCKOMIi ciifye, mo po3Mmipu (a3 Aemo BiAPi3HAIOTHCS, alleé HE €
OourpMMu HIK ~20 MKM. XapakTepHe pyiiHyBaHHs 3pa3ka 3 MinHicTio 120 MIla BigOynocs 1o
MaricTpaJbHUM TpILIUHAM, SKI PO3BHBAIOTHbCA dYepe3 OUIbIly KUIBKICTH (a3 Ha BIAMIHY BiJ
XapakTepy pyWHyBaHb 3paska 3 MirHicTIo 50 MIla, 31am sikoro BiAOYBCsSI MEPEBaKHO IO OJIHIM
cTpykrypi. Kommiekc MoandikatopiB Ha OCHOBI MIKPOKpEMHE3eMYy Ta METaKaoJliHy B OETOHHIH
CYMIIIII CTBOPIOIOTh YMOBH ISl IEPETBOPEHHS HECTAOUIBHOIO Ta PO3YMHHOIO T1APOKCUTY KaJbIIII0
B MIIHUH KpPUCTATIYHUHM TiApaT CHIIKaTy Kaublito. [IpM BHUKOpHUCTaHHS LEMEHTY 3 HU3bKUM
BmicToM C3S MeHmuM 3a ~50% 3HaYHO YCKJIAIHIOE OJIEpP>KaHHS BUCOKOMIIIHMX OETOHIB, 30KpeMa
IpU BUKOPUCTaHHI KpPEMHE3eMy 1 METaKaoJliHy, OCKUIbKM e(QEeKTHBHICTh 3aCTOCYBAaHHS IMX
no0aBoK nependayae HasBHICTh B TBEpAHYYIN cucreMi HajuuiikoBoro nopriaanauty Ca(OH),, B
TOM Yac sSIK CUCTEMH 3 HU3bKUM BMicTOM C3S XapakTepu3yroTbes 3HMkeHnM BMicToM Ca(OH),.

KuarouoBi ciaoBa: 0eToH, KOHCTPYKIIi $KI MpaIiolOTh Ha CTHCK, YJIbTPaJAUCIEPCHI
MO (IKaTOPH, EHEProAUCTIEPCIHHUN X-XBUIIbOBUI aHali3, CKaHylo4Ya eJIeKTPOHHA MIKPOCKOITisL.

Cratta Haaidnuia 1o penakuii 25.11.2022
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ByI. ['epoiB O6oponu, 128, M. Kuis, 03041, Ykpaina

3YKpai'HCbl<uL7 Odeparcasrull HayKko8o-0ocrionui incmumym “Pecypc”

Byn. Kazumupa Manesuua, 84, m. Kuis, 03150, Ykpaina

AHorauis. [Ipobrnema 3acrocyBaHHs BUPOOIB 3 TKaHUH JUIsi OyAiBeNbHUX KOHCTPYKLIN 13
30epiraHHs Ta TPAHCIIOPTYBAaHHS BHOYXOBUX PEYOBHH TOJSTAE B 3a0€3IEYCHI 1X CTIMKOCTI 10 Jii
BOTHIO Ta JOBTOBIYHOCTI MPHU €KCIUTyaTallii, ajie HeoOXiJHO BPaxOBYBaTH 3MiHY iX BOTHE3aXHUCHUX
BJIACTUBOCTEH. 3HW)KEHHS TOPIOUOCTI 1 PO3POOJICHHS BaXKOTOPIOUMX Ta BAXKKO3AHMHCTHX
MaTepiaiB € OJHUM 13 OCHOBHUX HANPSMKiB MOIMEPEIKEHHS BUHUKHEHHS MOXKEXK Ta BUPIIICHHS
npoOyieMr pO3MUpeHHs o00JacTi 3acTocyBaHHS WX MarepiamiB. OOpoOneHHS 3acobamu
BOTHE3aXUCTy CYTTEBO BIUIMBA€ HA TMOMIMPEHHS TMOJXYyM’sl, [03BOJs€ Habarato 3MEHIIUTH
JUMOYTBOPIOBAIIbHY 3JIaTHICTH Ta TETUIOBUAUICHHS. ToMy 00’ €KTOM JIOCIIPKCHb OyJia mapyCHHOBA
TKaHWHA, sKa Oyjla BOTHE3aXWIIEeHAa IHTYMECLEHTHUM MOKPUTTSIM. [IpoBeeHO MoAentoBaHHS Ta
OTpHMaHi 3aJIeKHOCTI, IO JO3BOJISIFOTh PO3paxyBaTH 3HAYCHHS TEIUIOBOTO TOTOKY Ha MEXi «Iap
MIHOKOKCY — TKaHMHa» 3alie)KHO BiA il Temmepatypu. [loBeleHO, 10 B MPOLECi TEPMIYHOIO
BIUIMBY HAa TKAHWHY MPOXOJUTH MPOLEC MEPEHECEHHs BUCOKOI Temmeparypu Ta ii 3aropanHs. Ha
OCHOBI OJIEp)KaHMX pPE3yNbTaTIiB HATypHUX BUIPOOYBaHb 3 BHU3HAUEHHS MpPOIIECYy TepeaaBaHHs
BHCOKOI TeMIIEpaTypH MOIYM s Ye€Pe3 MOKPUTTSI BCTAHOBIICHO, 1110 TIPH JIii MOIyM’si Ha HeoOpoOJIeH1
MOJIEJIbHI 3pa3Ky €JIEeMEHTIB HaMeTy, BUTOTOBJIEHHMX 3 MapyCHHOBOI TKAaHWHH, BiIOYyBaeTbcs ii
3aliMaHHs Ha 45 ¢ Ta MOIMMPEHHS TOJXYM’s MOBEPXHEI0, IO NMPHU3BOIUTH 10 MOBHOTO 3rOpaHHS
mpotssrom 108 c. XapakTep BUTOpSHHS MAJiE MOJETBHOTO 3pa3Ka €JIIEMEHTIB HaMeTy, SKUN
00poONeHnii BOTHE3aXMCHUM I1HTYMECHEHTHHM TIOKPUTTSAM, II0Ka3aB BiJICYTHICTh IOIIUPEHHS
MOJIyM’sl TICJI BUTOPaHHS BOTHUINA Ta 3a(iKCOBAHO CITyYEHHS 3aXHUCHOTO MOKPUTTS, IO CSrano
7...8 wmMm. IlpakTMuHa IIHHICTP OTPUMAaHMX pE3YyJbTaTIB MpPHU BHU3HAYEHHI BIACTUBOCTEN
MapyCUHOBOI TKAaHWHHU, BOTHE3aXWIEHOI IHTYMECIIEHTHUM TIOKPUTTSM, JI03BOJSIE BCTAHOBUTH
YMOBH €KcIuTyaralii BUpoOiB 1 Oy1iBeIbHUX KOHCTPYKLIN Ha ii OCHOBI.

Ki1r040Bi cji0Ba: BOrHe3axucT TKaHWHU, CIY4YIOUi MOKPUTTS, TEIJIOBUNA MOTIK, 00poOIeHHs
MOBEPXHi, TEMI0(I3UYHI BIACTUBOCTI.

Beryn. 30epiraHHs Ta TpaHCIOPTYBaHHS BHOYXOBHUX PEUYOBMH TICHO TIIOB’Si3aHE 3
3aCTOCYBaHHSAM Halpi3HOMaHITHIIIUX OyIiBENbHUX Ta MaKyBaJbHUX BUPOOIB, SKI BUTOTOBISIOTHCS
y TOMY YHCIi 3 TeKCTWIbHUX MarepianiB [1-2]. [Ipomec 3aiiMaHHS Ta MOUIMPEHHS TOPIHHS TPH
IIbOMY HOCUTb HpPOTPECYIOUMH XapakTep, OCKUIbKHM JaHi MaTepiald JIerKO3alMHUCTI 1 IHIBHJIKO
MOIIMPIOIOTH TOJIYM s, @ METOIIB JIIKBIJaIlii TIOXKEeX1 BKpail HEAOCTaTHBhO. Bee 1e mpu3BoauTh 10
aKTUBHOT'O TOPIHHS Ta MOCIITyI04Oro BUOYXY 1 pO3MOBCIO/KEHHS HOBITHIX OCEPEIKiB.
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Cratuctuka noxex y 30poinux Cunax YKpaiHu CBITYHUTH MPO HEOOXIAHICTH (POpPMYBaHHS
e(eKTUBHOI CUCTEMH 3a0€3MEeUCHHsI BUOYXOMOKEeK00E3MEeKH BilIChKOBHX 00'€KTIB, 0COOJIMBO MICITh
30epiranHs 3amaciB OoenpumaciB. TakoX BaXIMBUM € NPUBEACHHS ii 10 CTaHy, CIIPOMOKHOTO
3a0e3neYnTH HaAIHHUHN 3aXUCT 0c000BOTO CcKiIany Ta 00'ekTiB 30poriHux Cuil YKpaiHH BiJl TOXKEXK 1
BUOyXiB. Bennke 3HaueHHs A TMOKPALICHHS CTaHy BHOYXOIOXKEX0O0E3MeKH, 3armoOiraHHs i
CBOEYACHOT'O PearyBaHHs Ha TaKl MOJii € MPOBEACHHS 3aXOJiB 10 OXOPOHI BIHCHKOBHX 0O’ €KTIB.
s mporo 00’€KTH, KpiM OOJIaHAHHS CHEI[iaIbHUMUA CHCTEMaMHU TEXHIYHUX 3ac00iB OXOpOHH,
CUCTEeMaMH paHHBOTO BHSBIICHHS HAJ3BHYAaHUX CHUTyallli Ta OMNOBIIIEHHSA, MOTHBYIOTHCS
MPOBEJICHHSAM 3aXOJliB MPOQPUIAKTHYHOTO CHpPSIMYBaHHS, 30KpeMa BOTHE3aXHUCHE OOpOOICHHS
TOpIOYMX MaTepiamiB €eeKTUBHUMHU MTOKPUTTIMH.

Tomy nmocmimkeHHs, 110 HaNpaBIeHI Ha BU3HAYCHHS 3aKOHOMIPHOCTEW mepesiadi TErIoBOrO
MOTOKY 10 TKaHUHU 4Yepe3 IHTYMECIEHTHE IOKPUTTS, BIUIMBY IOKPUTTIB Ha Il Mpolec €
HEBUPIIICHOIO CKIAJ0BOIO 3a0€3MEeUeHHS TOXKEKO0E3MeKr. A TaKOK BHU3HAYAIOTh HEOOXITHICTH
po3po0JICHHST Ta BUKOPHCTAHHS CHEIiaJbHUX 3axucHUX 3aco0iB. 1o 1 0OyMoBHUIO HEOOXiIHICTH
MIPOBEIEHHS TOCIIIKEHb Y TAHOMY HaIlpsIMKY.

AHami3 ocTaHHiX aochailkeHb Ta myouaikauniii. B po6oti [3] 0OTroBOprOETHCS MIMPOKUN
Iiama3oH BUCOKOS(PEKTHBHHUX BOJIOKOH, JOCTYITHHUX JJISi BOTHECTIHKOTO KiHIIEBOT'O BUKOPHUCTAHHS.
Takoxx mpeAcTaBIeHO THUMH BOTHECTIMKHUX MOKPUTTIB Ta 00poOok. OcoONMBO aKTyalbHUMH €
TEXHOJIOTIi, IO pPO3BUBAIOTHCS JUISI HAJaHHA TEPMO- Ta BOTHECTIMKOCTI 1 BOHM BKIIIOYAIOThH
BUKOPUCTAHHS 1HTYMECLUEHTHUX METOJIB OOpOOKM Ta MOTEHIIIIHY KOPUCHICTH HAHOTEXHOJOTIH,
SKUM TpOTSAroM ocTaHHixX 10 pokiB mpuaiisuiocs 6araTo yBaru Ha JOCHiIHUIBKOMY piBHI. Tepmo-
Ta BOIHECTINWKI TEKCTHIIbHI BUPOOU MOXKYTh BiJNIOBIIaTH BUMOTaM 32 BOTHECTIUKICTIO, 1 IPU LILOMY
30eperTu CBOi CreialibHI XapaKTePUCTUKH, 10 OOYMOBIIIOE iX 3aCTOCYBaHHS, y TOMY YHUCIHI 1 IS
BIMCHKOBHX IIiJICH. AJie HE HaBEICHI BIMOBIIHI (I3UKO-XIMIYHI JaH1 00 3MIHU 1X BJIACTHBOCTEH
B IIPOIIECi EKCILTyaTallii.

B poGoti [4] HaBeneHO pe3ynbTaTH EKCHEPUMEHTATbHUX JOCTIHKEHb MO0 MOJCIIOBAHHS
e(eKTHBHOCTI BOTHE3aXUCTy JIETKO 3BEIEHMX KOHCTPYKIIH 3 TEKCTHJIBHUX 3aiiMHUCTHUX BHUPOOIB.
[IpoBeneHUMHU JOCHIPKEHHSIMUA 3 BU3HAUCHHS TMOXKEKOHEOE3MEUYHUX BIACTUBOCTEH TEKCTHIBHUX
MarepialiiB BCTAaHOBIICHO 3aropaHHs HEOOpOOJICHOTO 3pa3ka, HAaTOMICTh IS BOTHE3AaXHIIEHOTO —
mpolec 3aiiMaHHS Ta TOIIMPEHHsS MONyM’st He BimOyBcs. [ambmyBaHHA mporecy 3aiiMaHHS Ta
MOLIMPEHHS NOIYyM s U1l TAKOTO 3pa3ka MOB’sI3aHe 3 PO3KJIAI0M aHTHITIPEHIB M1 JA1€I0 TEMIIEPATYPH 3
MOTJIMHAHHAM TeIlIa Ta BUAUJIEHHSIM HErOpIOYMX rasiB (a30T, AI0OKCHH BYIJIEIIO), 3MIHOIO HAIlPaBJICHHS
PO3KIIaay B CTOPOHY YTBOPEHHSI HETOPIOUMX Ta3iB i BAYKKOTOPIOYOro KOKCOBOTO 3anmmiky. [Ipore, He
JOCITI/DKEHO 3aKOHOMIPHOCTI MpOoLecy Mepeaadi Teruia 10 TKAHWHH Yepe3 3aXUCHE TTOKPUTTSL.

B poGoti [5] mnoka3aHO MOMJIMBICTH OTPHUMAHHS EKOJIOTIYHO YHCTHX, C(QEKTUBHHX,
BOTHECTIMKMX OaBOBHSIHMX TKaHUH. OOpoOineHi 6aBoBHsAHI TkaHuHM (COTP) mokaszamu uyynoBy
TEPMIUHY CTaOUIbHICTD 1 BOTHECTINKICTh 3 TPaHUYHUM KHCHEBUM iHJekcoM (LOI), skuii ctaHOBUB
42,5%. ITopiBHSHO 3 IHIIMMH BOTHETPUBKUMHU OaBOBHSHMMHM TKaHuHamu, COTP nponeMoHcTpyBaB
HaJ3BUYalHy cTifikicTh 10 mpanHs, LOI 3anumascs Ha piBHI 28,3% micas 50 UMKIIIB HpaHHS.
BumnpoOyBaHHs Ha BepTHKaJbHE TOPIHHA Ta KOHYCHAa KaJIOPUMETpis MPOJAEMOHCTPYBAIU
caM03aTyXaHHs Ta 3Ha4HO mokpamuin BorHectidkicte COTP. TlikoBa mBUAKICTh TETIOBUILICHHS
ta 3aranpHe TernoBuAleHHs: COTP nomitHO 3HM3MIUCS Ha 65,5 Ta 71,4% BiamosinHo. Kpim Toro,
OyJI0 BUSIBJICHO HIDKYE YTBOPEHHS Ta BHJIUICHHS TUMY 31 3MEHIICHHSM 3arajlbHOTO YTBOPEHHS
mumy Ha 12,5% 1 3aranbpHOi KiibKOCTi AuMy Ha 18,8%, mopiBHSHO 3 HEOOPOOIEHOI0 GABOBHSIHOIO
TKaHMHOIO. Byno mpumnymieno, mo migBumieHa BorHecTiiikicte COTP katanizye aerijparaiiio Ta
KapOOHi3allil0 LIETI0JIO3U, CHPUAIOYM YTBOPEHHIO 3aJMIIKOBOIO BYTLULIS, 3MEHIIYE BHJIUICHHS
roproYMx rasiB 1 Temiao/macooOMiH. OJHaK, HE BKa3aHO, SIK BUTPUMYIOTh JaHi KOMIO3UII 3MIHY
TeMIIepaTypHO-BOJIOTICHUX YMOB.

B poborti [6] mocmimKkyBanucs TEIUIOI30JAIIHHI BIACTUBOCTI HEOOpOOIeHUX 1 00pOOIeHUX
TPUIIAPOBUX TPUKOTAKHUX TKAHWUH PI3HOI TOBIIMHM (2 MM, 3 MM 1 4 MM) 3a JOIOMOIOIO
KpeMHe3eMHux aeporeniB. Tpu 3pasku cneiicepuux TkanuH (300GSM, 350GSM, 540GSM) 6ynu
MOKPUTI HAHOMIOPUCTUM CHUJIIKarejaeM mpu temneparypi 26°C, a mOTIM BUTpUMaH1 JUIs CTapiHHS,

Modern construction and architecture, 2022, no. 2, page 77-87



BUILDING MATERIALS AND TECHNIQUES

3aMiHM  pO3YMHHUKA, Moaudikamii moBepxHi. JlochipkeHO Taki XapaKTePUCTUKH, SIK
TEPMOCTINKICTh, TEIUIOMPOBIIHICTh, KyT PO3TAIlyBaHHSI HUTOK, TOPUCTICTh, TOBITPONPOHUKHICTH
3pa3KiB MPOKJIAJOYHOI TKAaHWHU. AHAJI3 3a JIOTIOMOTOI0 CKaHYI40l €JIeKTPOHHOI MIKpOCKomii Ta
iH(payepBOHOi CIEKTpOCKoMi 3 TmepeTBOpeHHsIM Dyp’e OynM NpoOBENCHI I JOCIITKEHHS
Mopdodorii Ta 3MiHM TOBEpXHi, IHIIIHOBaHOI KpPEeMHE3eMHHUM MOKPUTTIM. EKcrnepuMeHTalbHi
pe3yibTaTH MOKa3ajiu, 1Mo 0O0pOoOJIeHI YTOYHI TPUKOTAXH1 po3niaoBi TKaHWHU 3 350GSM MarTh
Bunuii  Tepmiuamii  omip  (0,09131 v% kBt Y),  Bummii KOeQIIli€EHT TMOPHUCTOCTI, BHIILY
MOBITPONPOHUKHICTh, OUTBIIINN KYT pO3TAIlyBaHHSI Ta MEHIIY IIUIbHICTb.

B po6ori [7] mpencTaBneHo pe3ysbTaTH JAOCTiKEHb, POBEACHUX 3 METOI0 OTPUMAHHS JISSTKUX
€KOJIOTIYHO YHCTHUX MaTepialiB Jjisl TeIUI03aXUCTy Ta 130JIALii, MPU3HAYEHUX Il BUKOPUCTAHHA Y
BUPOOHMLITBI T€PMETUYHUX YIAKOBOK, MeMOpaH, pyKaBiB, 3axuCHHX (yTiapiB i mrop, 3acobiB
3aXUCTY BiJ BHCOKHX TEMIIEpaTyp Ta IOXKEKHOI HeOe3nmeku. Taki MaTepiaiad, BHUTOTOBJICHI 3
BOTHETPUBKOI TEKCTHJIHHOI OCHOBH Ta TIOKPUBHOTO MOJIMEPHOr0 MaTepiany. TeKCTUIbHOI0 OCHOBOIO
Oysa BOTHETpUBKA TKaHWHA PI3HOI (PakTypu Ta TOBLIMHH, OTpPMMaHAa 3 TEPMOCTIMKUX AKpHIJIOBUX
BOJIOKOH. TepMOCTIiiKi enacToMepHi CHONYKH, Taki SK XJOPOMpeH, 3Mimranuii 3 caxero HAF i
XJIODUJIOM CYPMH, BHKOPHUCTOBYBAJIMCS SK TIOKpMBHI Marepiaiu. EKOIOriYHO 4YHMCTI BOJHI
HAHOMUCTIEPCIT ISl TIOKPUTTS BOTHETPUBKUX TEKCTWIBHUX BUPOOIB Oyl OTpHMaHi 3a paxyHOK
MOKpALEHHs aJre3ii NOMIXJIOPONPEHY HUIAXOM XIMIYHOIO IIEIUICHHS HOMIXJIOPONPEHOBOIO JIATEKCY
Dispercoll C 84 3 MeTHIMETaKpUIIATOM Y TIPUCYTHOCTI IEPOKCHIY OeH301Iy sK iHimiaTopa. OTpumani
0e3a30eCcTOBI MaTepiaii TePMO-, XIMIYHOCTIHKI, oxexo0e3neuni. OHaK, He MOKa3aHO BILIUB 3MiHU
CEpEOBHILA HA ITOKPUTTS, IPOLIEC HOr0 PYHHYBAHHS 3 YaCOM.

B poboti [8] moka3aHO BHKOPUCTaHHS CMOJM Ha OCHOBI MellaMiHy, SKa IIUPOKO
BUKOPUCTOBYIOThCS B TKAHMHAX JUIS ITiJIBUIICHHS BOTHE- 1 TeruiocTiiikocti. [Ipote, MomenpoBaHi
eKCIIEpUMEHTH 3 IPaHHIM IMPUITYCKalOTh, 110 3a OAMH payHJ MpaHHsA BoJow0 76...90 % menaminy
OyJI0 BUJJAJIEHO 3 OJIATY. A TOMY ITOCTa€ 3a/1a4a 3a(hikCyBaTH aHTHITIPEH Y MaTepiai.

B poGoti [9] BimoOpakeHO pO3KIaJaHHS BOTHECTIMKUX MarepialiB depe3 MiJBHUILEHY
TeMIieparypy ado KOHTaKT 3 TOITyM sIM, IO TIPU3BOIUTS JI0 TIOSIBH PSAY XIMIYHUX CIIONYK, JESKI 3 SIKHX
MOXYTb OYTH J1OCUTh TOKCHYHUMH JUIs1 JIFOAUHU. [IpoBoauMch HeBeNMKi a00 CTeHJ0BI BUITPOOYBaHHS
NPOJYKTIB PO3KIAJaHHs, ajieé 3aBkKAd BHHUKAIM NHTaHHS IMOJ0 TOro, YW Oynu icriuTH
penpe3eHTaTUBHUMH JJIsl TOBHOMAacITaOHUX pe3yJbTaTiB BUIpoOyBaHb Ha crnanax. o6 Bu3HauuTwy,
Y JIOCTaTHBO JUIS BHUMIPIOBAHHS MPOJYKTIB PO3KJIany Ta 4M OyayTh PI3HI BOTHECTINKI Marepiaiu
yTBOpIOBaTH «(pipMOBHUil» Habip cHONYK, OyJ0 NpPOBEIEHO MOBHOMAcUITaOHEe TecTyBaHHA. OHaK,
MEXaHi3M CITy9eHHSI IOKPHUTTSI IPH IIbOMY HE BKa3aHHH Ta HE BHUSIBJICHI YMOBH €KCILTyaTaIlil TOKPUTTSI.

B po6Gorti [10] Herkani Mmarepiamy Oy/nuM BHTOTOBJIEHI 3 BHKOPHCTaHHSIM BOTHE3aXHCHHUX
noniedipuux (IIET) mopoxuuctux BosokoH (BosiokHa FR-PET) ta Bonokon IIET 3 HHU3BKOIO
TEeMIepaTypol0 IUIaBIECHHS (BOJIOKHAa 3 HHU3bKUM BMicTOM TM) Uii BUKOPUCTaHHS B SIKOCTI
Teroi3oAnii. YoTupu HeETKaHl MaTepiaad 3 pPI3HUMU TEXHOJIOTIUHUMHU HUIAXamMu Oynu
BUKOPHUCTAaHI JUIl BUPOOHUIITBA cUTyunX HeTkaHux MatepianiB (LNF), repmonpecoBannx HeTKaHUX
MmatepianiB (PNF), roakonpoOuBHMX Ta TepMmiuHOmpecoBaHuX HeTkaHux MarepianiB (NPNF), a
TAaKOXX TOJIKONPOOMBHUX Ta MOBITpOHENPOHMKHHMX HeTkaHux MarepianiB (NTNF). OuintoBanu
TEIUIONPOBIIHICTh LIMX YOTUPHOX HETKaHuWx MatepianiB. Kpim Ttoro, Oymu crtBopeni LNF 3
BUKOPUCTaHHSM PI3HHX TeMIiepatyp TepMiunoro npecysants (100, 120, 140, 160, 180 ta 200 °C),
BMICTY BOJIOKHa 3 HU3bKUM BMicToM TM (10, 20, 30, 40 ta 50%) Ta KUIBbKOCTI HIapiB HETKAHUX
marepianiB (1, 2, 3, 4 1 5 mapiB) I OLIHKA MIIHOCTI Ha pPO3pUB, TEIJIOMPOBITHOCTI Ta
oOMexyBanpHOro nokasznuka kucHio (LOI). ExcnepuMeHTanbHi pe3yiabTaTd MOKa3ywoTh, mo LNF
MaJId HU3bKY TertonposiaHicTs — 0,5962 B1/(M-K), a LOI cranoBus 35%.

PoGora [11] npucBsiyeHa BU3HAYCHHIO TEIUIOMPOBIIHOCTI PiIKO(a3sHUX MaTepiasiB 3i 3MiHOO
¢azu (PCM) no6im3y TOUKM IJIaBJIEHHS LUIIXOM BUBYEHHS MPOLECY €BOJIIOLII MOBEPXHI PO3ILTY
«TBEpJla peYOBHHA-piAMHA». Byo 3alponoHOBaHO TEOPETUYHY MOJETb, sIKa J03BOJISIE BU3HAYATH
TEIUIONPOBIIHICT 32 XapaKTEPUCTUKU 3MIILEHHs MOBEPXHI PO3AUTY MiJ 4ac MPOLECY IUIaBICHHS.
ExcniepuMeHTH TIPOBOIMITUCS 3 BUKOPUCTAHHSIM 100Ope pO3po0IICHOT CHCTEMH TECTYBAHHS IS IBOX
BuiB HeopraHiuHux PCM 1 ekcnepuMeHTalbHI Pe3yNbTaTH Y3TO/DKYBAIUCS 3 JTEpaTypHUMHU
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3HA4YeHHSMHU B fiama3oHi +6%. Jlxepena moxuOKM BUMIPIOBaHB JTOCTIIKYBaIHCA 332 YAaCOBUMHU
XapaKTEPUCTUKAMU 3MIiHU Pe3yJIbTaTiB €KCIIEpUMEHTY. BusiBiieHo, 110 HeileaabHI TPaHUYHI YMOBU
TECTOBOI CHUCTEMH Ta IOYAaTOK IMPHPOJHOI KOHBEKIIi Oyl1M OCHOBHMMH NPUYMHAMH TOXHOKU
BuMipioBaHHs. 1100 MigBUINMTH TOYHICTH EKCHEPUMEHTAIbHHUX pEe3yibTaTiB Oyl BHUKOPHCTaHI
YHUCeNbHI METOIW JUIs MOJEIIOBAaHHS TPOLECy IUIaBICHHS B ekcrepuMeHTtax. Kamibpoani
3HAYEHHS TEIUIONPOBIIHOCTI OYJIM OTPUMAaHI ITepaliifHO 3 MOPIBHIHHS KPUBUX PYXY MEXI pO3ILTY
MK EKCIEPUMEHTAaMHU Ta MOJCIIOBAHHSM, a PO30DKHOCTI MiX KamiOpOBaHMMH pe3yabTaTaMH Ta
CTAJIOHHUMH 3HaUEHHSMU Oynu oOMexeHi 10 +3%.

TakuM 49uHOM, 3 JITEPaTYpPHHUX JDKEPET BCTAHOBIICHO, IIO BOTHE3aXHMCHI MOKPUTTS 3JaTHI
3aXUIIATH [OBEPXHIO TEKCTUIBHOIO MaTepiajdy BiJ BIUIMBY BOTHIO IPH eKCIUTyaTallii, aie
noTpeOyIOTh 3HAUYHOI KIJIBKOCTI 3aXMCHOT PEYOBUHU Ta 3/1aTHI JI0 MiABHILEHHS >KOPCTKOCT1 TKAHHH.
KpiM Toro, He Bu3HaueHi MmapameTpu, sKi 3a0e3MeuyloTh CTIWKICTh /10 BTPaTH BOTHE3aXMCHHUX
BiacTuBOCTel. HenockoHamicTh MaTeMaTHYHUX MOZAENCH JUIs TOSICHEHHS 1 OMHCY MpOLECy
nepeJaBaHHs TeIUla, HEXTYBaHHSI 3aCTOCYBAaHHSM PEUOBHH MJIi YTBOPEHHS TEII0130IF0BATIBHOTIO
mapy TOPHU3BOIUTH N0 HEe(EeKTHBHOTO 3aCTOCYBaHHS 3aco0iB 3axucTy. ToMy HEOOXiAHICTH
BCTAHOBIICHHS MTapaMeTPiB CTIHKOCTI TKAHUH JI0 BUCOKOI TeMIIepaTypy 1 BIUIMBY MOKPUTTIB Ha LieH
nporec 00yMOBHIIO MTPOBEICHHS TOCIIIKEHb Y TAHOMY HAIpPSIMKY.

Meta gociaigxeHHsi. Meroro JaHoi poOOTH € BU3HAYEHHS XapakTepy Ipolecy Inepenadi
TEIUIOBOTO TIOTOKY /0 TKaHWHHU B Jii BHCOKOTEMIIEPATYPHOTO IMOJIYyM sl TaJbHUKA TPU 3aXHUCTI
IHTYMECHEHTHUM MOKPUTTSIM.

Marepianqu i Mmeroaum gochaimkKeHb. s JTOCTKCHHS Tiepenadi TEIUIOBOTO IMOTOKY
BHKOPUCTOBYBAIM 3pa3Kd [APYCHHOBOI TKaHMHH HeoOpoOneHi [12] (puc. 1) Ta o0OpoOieHi
MOJ:[I/I(l)ié(OBaHI/IM cnyayrounM TOKpuTTsiM  «Firewall-Wood» BupoOHHMIITBAa VYKpaiHM y KUIBKOCTI
260 r/m”.

a)

Puc. 1. MonenbHMii 3pa30K TKaHUHU:
a — 110 00poOuieHHs; 6 — micyst 00poOIeHHS

JInisi BUTOTOBJICHHST MOJICTBHHUX 3pa3KiB €JIEMEHTIB HaMeTy, BUKOPHCTOBYBAJIM TApPYCHHOBY
TKaHUHY (puc. 2):
— HeoOpoOIteHnH (eKCTIepuMeHTATBHIN 3pa3ok Nel);
— 00pobeHuit MOAM(IKOBaHUM CIY4yIO4NUM MOKPUTTAM «Firewall-Wood»
(excriepuMeHTaTbHUH 3pa3ok No2).
Y [KOCTI MaabHOTO NIl BU3HAYEHHS €()eKTUBHOCTI BOTHE3aXHUCTY 3pa3KiB €IEMEHTIB HAMETY
OyJ10 BUKOPHUCTAHO PIIKY 3aMalfoBATBHY CyMill (OCH3UH).
PesyabTraTin gochaimkedb. J[IS  BCTaHOBIEHHS Mepefadi  TEMJIOBOTO  IMOTOKY IO
BOTHE3aXHUIIEHOT TKAaHMHU BUKOPUCTOBYBAJIM METOJ BHPIMIEHHS 3aJa4l TEIUIOMPOBIIHOCTI IS
JIBOXCKJIAJIOBOI CTiHKH, SIKa Ma€ pi3Hi Terodi3udHi BIaCTUBOCTI (puc. 3).
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Puc. 2. MojenbHi 3pa3ku e1IeMEHTIB HaMeTy, BUTOTOBJICHUX 3 TAPYCUHOBOT TKAHUHHU:
a — HeoOpoOeHwuit; 6 — 0OpoOIIeHNIT BOrHE3aXHCHUM IHTYMECHEHTHUM MOKPUTTSIM

B nmouyaTkoBHii MOMEHT Yacy NOKPUTTSI TKAHWHU MUTTEBO HArpiBaeThCs 10 TeMuepaTypu Tmax,
AKa HIATPUMYETbCA IIOCTIMHOIO NPOTArOM BChOI'O Yacy HarpiBaHHsA. lIpm nboMy HOKPHUTTA
CILyuy€ThCsl Ta yTBOPIOE Iiap miHoKokcy [13]. PosmoninenHs TemrepaTypu MpOXOAUTh Yepe3 map
MIHOKOKCY JI0 OCSITHEHHS! KPUTHUYHOI TeMIepaTypy TKaHMHU Ha MEXI1 MOKPUTTS 1 TKaHUHU T.

T 4

Tmax

—

Tenmnmo ___

_ %
1 2 X

Puc. 3. Cxema nporecy nepejaBaHHs Teruia:
1 — map miHOKOKCY; 2 — TKaHWHA

v

JudepennianpHi piBHSHHS TEPEHOCY TeIla Ha MEXi JBOX IUIACTUH «IIap IMIHOKOKCY —
TKaHMHA» MalOTh HACTYMHUHN BUTIIAA [ 14]:

(—0 < x=<0),

1)
2
;—az(szT:O, (w00 < x=<0;0<t=<0), )
3 MOYAaTKOBUMH Ta TPAHUYHMMH YMOBaMH:
T‘Xz—oo — oo T‘Xzoo =0, T‘x=—o :T‘x=+0’ 3)
oT| . oT
oo o ©
Tl =10 ©)
T,,a,a,, 4,4, =const, (6)
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I a1, dz — Koe(ilieHT TeMITepaTypOIPOBIIHOCTI APy MIHOKOKCY Ta TKAHUHH, Mz-c'l;
A1, A2 — K0eDilli€HT TETUIOMPOBIHOCTI APy MiHOKOKCY Ta TKaHHHH, BT/M-K '1;
T — Temneparypa, °C,
X — KOOpJIMHATa, M.
JIOITbHUM € BU3HAYCHHS 3HAUCHHS TEMIIEPATypH Ha MEXKI «Iap MHOKOKCY — TKaHuHa» (T)
1 TEIUIOBOTO MOTOKY MiX TaHUMU oOiacTsimu [15]:

oT
/’L -
Qn OX (7)

PoOuMo mifcTaHOBKY 3 BpaxyBaHHSIM IMOYaTKOBOI YMOBa JUIsl JIiBOi HAIliBIUIOIIMHH, SKa HE
JopiBHIOE HYIIO (X < 0):

T=T,-T.,

ne Tp — MakcUMajbHa TEMIIepaTypa Ha MEXI1 «Iap MiHOKOKCY — TKAHHHAY.

x=+0"

(8)

3 ypaxyBaHHSM BHIICHABEJACHOTO 3ajladya 3 BHU3HAYCHHsS TEMIEpaTypu Ts Oyne ™aru
HaCTyIIHUU BUI:

o &
— a7 [1,=0, (0 =<x=<0;0=<t=<0), (©)

3 HaCTYIHMMH YMOBaMH:

Ts|x:_oo =0, T |t: (10)

3 ypaxyBaHHsAM nepeTBopeHHs Jlamaca ans oGmacti X < 0 MOXKEMO 3amucaTH 3B'S30K
TEMIIEPaTypH 1 TEIIOBOTO MOTOKY Y HaCTymmHOMY Bui [16]:

o
(P 2T, ”

ne P — oneparop Jlannaca.
3 ypaxyBaHHSIM MOYaTKOBOI 3MIHHOI TEMIEpaTypu 1 OTPUMYEMO:

PY2(T, —T,)= T, —P1’2-T5=—\EGT

-t OX o (12)
Tonai anst o6xacti X > 0 MaeMo 3Ha4YeHHS Y BUI:

oT
PY2T, =— /a,

ox (10 (13)

3(12) 1 (13) 3 ypaxyBaHHAM YMOB piBHOCTI OTOKIB (4), OTpUMYy€EMO:

Pl/ZT — \/a TO .
T ja+fa, Jmet (14)

Toni 3HaueHHs TemmepaTypd Ha MEX1 CTIHKM 3 BpaxyBaHHSM IepeTBopeHHs Jlamaca
MO>KEMO 3aIHCaTH Y HACTYITHOMY BH/IL:

T, = o T
Ja, + . /a, (15)

3 ypaxyBaHHsM (7) TeIUIOBUH TOTIK Yepe3 MeXY «map IIHOKOKCY — TKaHHMHA» 3a
MaKCHMaJbHOI TEMIIEPATypH MOKEMO 3alMCcaTH y BUIL:
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aa, 4, T,

~Ja +a, a Vot (16)

BiamoBigHO TycTHHA TEIIOBOTO MOTOKY BiJl BUCOKOT TEMIIEPATYPH MOKHA BUPA3UTH PiBHSIHHSIM:

_Q
I 1)

Jie $° — IUTOI[a TEMIePaTyPHOTO BIUTUBY FOPIOYOi PEUOBHHH, M-,

TakuMm unHOM, IPOBECHO MOJIEITIOBAHHS Ta OTPUMaHI 3aJISKHOCTI, 1110 JI03BOJISIIOTH PO3paxyBaTu
3HAUYEHHSI TETUIOBOTO MTOTOKY HA MEXKI1 «II1ap MHOKOKCY — TKAHUHA» 3aJISKHO BiJ /1ii TEeMIIepaTypH.

Pesynbrat nmocmipkeHb, 3 BH3HAUYCHHS IWHAMIKH TEMIIEpaTypyd Ha OOEpHEHIH IMOBEpXHi
BOTHE3aXMIIEHOT TKAaHWHHW, IIOKa3ajd, M0 3pa30oK HeoOpoOseHoi TKAaHWHM HE BUTPUMAaB
TEMIIEpPAaTypHUN BILIUB, MPU Aii MaJbHUKA BiI0YBaJIOCh 3aiiMaHHSA TKAHWUHU, SIKE€ MPOIOBKYBAIOCS
nonazn 110 c. Ilpu nii momym’st Ha 3pa30K BOTHE3aXMINEHOI TKAaHMHU TeMIeparypa Ha oOepHEeHid
noBepxHi He nepeButmia 150 °C, 3aiiMaHHsS TKAHUHU HE BiAOYIOCH.

3 ypaxyBaHHSAM JIITEPATYpPHUX IaHWX BCTAHOBJICHO TEIUIO(MI3UYHI XapaKTEPUCTUKU IS
TKaHWHHU Ta MHOKOKCY Ta MpeACTaBiIeHo y Tadnuii 1.

Q

Tabmuus 1 — TermogiznvHi XapaKTepUCTUKH MaTepialliB

ITokazHuk
Marepian ToBmuHa, Koedirmient Koedimient
MM terutonposigHocti, Br/(M-K)| TemnepaTyponpoBiaHOCT, M/c?
TkaHuHa 1,0 0,078 16-10°
Lllap niHOKOKCY 75 0,034 8,9-10°

Hani Tabmumi 1 MOKA3YIOTh JICIIO pi3Hi TeHJIO(bBI/I‘-IHl XapaKTePUCTHKH MaTeplamB 3BIIKH
BUIUIMBAE, IO 1 TEIioBa Iis Ha TKAHHHY Oyne pizHoro. TeruioBuil MOTIK TMONyM’st Ta30BOTO
NMaIbHEKA CTaHOBHIA 61m3bKko 100 KBT/M, a TeMmeparypa molyM’st ra30BOr0 NalbHAKA CTAHOBHIIA
6mu3bko 1000 °C.

Takox po3paxoBaHO T'yCTHHY TEIUIOBOTO TMOTOKY 3aJIeKHO BiJl 4acy BIUIMBY Ha TKaHUHY
nosiym’st nanbHuKa. [loka3aHo, 110 3 HapOCTaHHSAM TEMIIEpaTypH I'yCTHHA TEIJIOBOIO MOTOKY Ha
HeoOpOoOIeHy TKaHUHY 30UTBIIYETHCS A0 3HAYeHHS ToHan 60 kB1/M%, Woro mocratHpo st ii
3aiiMaHHs (MiHIMaJbHE 3HA4YEHHs TYCTHHD TErioBoro moToky cTaHOBUTH Ou3bKo 12,0 KBT/MZ), a
MOTIM MOCTYIOBO HiABUIIYETHCS y 3B’SI3KY 3 TOPIHHAM Matepiany. HaTromicTh, rycTuHa TEmIoBOro
MOTOKY Yepe3 IHTYMECIIEHTHE MOKPUTTS Ha MOYaTKy TepMIYHOi Aii cTraHoBWIa noHa 20 kBr/M?, a
MOTIM HACTYINUB MPOLIEC YTBOPEHHs TEIUIOI30JI0BAIBHOTO I1Iapy MIHOKOKCY 1 3HAY€HHS T'YCTHHHU
TETJIOBOTO TTOTOKY HE TIEPEBUIITIIIO 8,2 kBT/M?%, 1110 HeocTaTHBO [y1st T 3aliMaHHsL.

B xoai moganemmx AOCHIPKEHb MPOBEIEHO HATYpHI BUMPOOYBAHHS 3 BU3HAUEHHS NpOIECY
nepeaBaHHs BUCOKOT TEMIIEPATYPH MOITyM sl 4epe3 MOKPUTTSI.

Ha puc. 4 nokazaHo pe3yibTaTé BUNPOOYBaHb HEOOPOOJIEHOTO 3pa3Kka €JIEMEHTIB HaMETy,
BUTOTOBJICHHX 3 MMAPYCHHOBOI TKAHWHH, @ Ha PHUC. 5 — 3pa3Ka eJIeMEeHTIB HaMeTy, BUTOTOBJICHUX 3
NapyCUHOBOI TKaHWHHU, OOPOOJIEHOr0 BOIHE3aXMCHUM IHTYMECHEHTHUM MOKpHUTTAM. B Tabaumi 2
HaBE/ICHO Pe3yJIbTAaTH BTPATH MACH Ta Yac TOPIHHS MOJIEITBHOTO BOTHHUIIIA.

B pesynbrati npoBeseHuX BUNPOOyBaHb BCTAHOBIJIEHO, IO IPH JIii MOJIyM st HA HEOOpOOIIeH1
3pa3Ku €JEeMEHTIB HaMeTy, BiAOyBaeThbcs 3aiiMaHHs Ha 44...46 ¢ Ta NOLIMPEHHS MOJIyM d, IO
NPU3BOJUTH [0 TMOBHOro 3ropaHHs mnpotrsrom 108...110 c. HartomicTs MoaenbHH 3pa3zok
€JIEMEHTIB HaMeTy, OOpoOJieHui BOTHE3aXMCHUM IHTYMECHUEHTHUM IOKPUTTSAM, IPHU BHUTOpPaHHI
MO/JICJIbHOTO BOTHUINA HE 3aropiBcs, MOMUPEHHS MmoayM’st He BinOynocs. [Ipu npomy 3adikcoBaHo
CIIyYEHHS 3aXHMCHOTO TMOKPUTTS, IO CTaHOBWIO 7...8 MM Ta BiIOy/nocsi OOBYIJIEHHS MOBEpPXHI Ha
oy 6i3bK0 500 MM? 0GEpHEHOT CTOPOHHN TKAHUHH.
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Puc. 4. Pezynbratn BUnpoOyBaHb HE0OpOOJIEHOTO MOACIIBHOTO 3pa3Ka eJIEMEHTIB HAMETY,
BUT'OTOBJICHUX 3 Hapy(ZI/IHOBOi TKaHHUHU: a — 3allaJIFOBaAHHA MOACJIbHOI'O BOIHHUIIIA, 6 - I‘OpiHHSI
3aIaaoBaIBLHOTO MPUCTPOIO; B — 3aiiMaHHS TKAHUHU; T — CAMOCTIHE BUTOPAHHS TKAHUHU

Puc. 5. Pe3ynbraT BUIIpoOyBaHb BOIHE3aXHUILEHOTO MOJIEIILHOTO 3pa3Ka eIEMEHTIB HAMETY,
BUTOTOBJICHHX 3 APYCHMHOBOI TKAHWHU: a — 3alajlOBaHHs MOJIEJILHOTO BOTHUINA; O — TOPIHHS
3aMaaoBaIbHOTO MPUCTPOIO; B — OOBYTIIIOBAaHHS TKAaHUHU; T — BOTHUILE MICIs TOPIHHS

Tabmuns 2 — PesynpTaT BUIpoOyBaHb MOJICIIBHOTO 3pa3ka €JICMEHTIB HAMETY, BUTOTOBJICHHX 3
MapyCUHOBOI TKAHWUHU

MopenbHuii 3pa3oK HaMeTy Maca 3paska, Yac Brpara macu 3pazka |CryueHHs,
BUI'OTOBJICHU 3 TaPYCUHOBOI KT TOpiHHSA nicist BUPoOyBaHb MM
TKaHUHA 0 | micas | 3paska, c Am, %
HeoOpoOIeHNH 0,29 | 0,01 114 100,0 -
00po0IeHNI TOKPUTTAM 0,38 | 0,37 678 2,47 5...8

BucHOBKM Ta nNepCHeKTHMBH NOJAJIBINMX JOCHIIAKeHb. TakuM YMHOM, IPOBEAEHO
MOJIETIIOBaHHS MPOLECy TEIUIONPOBITHOCTI MPU 3aXUCTI TKAHWHHU IHTYMECLIEHTHUM HOKPUTTAM. [Ipu
TEpPMIYHINA J1i BUCOKOTEMIIEPATYpHOT'O IOJyM’sl HAa €JIEMEHTH HaMeTy, BUTOTOBJIEHI 3 MapyCHHOBOI
TKaHUHM, BU3HAUEHO TEMIIEpaTypy Ha MOBEPXHI TKAHHUHU Ta OTPUMaHI 3aJE€XKHOCTI, 10 J03BOJISIOTh
OJIEpKYBaTH 3MIHY TEIUIOBOIO IOTOKY Ha IIOBEPXHI Marepialy IpH CIy4eHHI MOKPUTTA. 3a
eKCIEpUMEHTAIbHUMHU JaHUMHU 1 OTPUMAHMMHU 3aJ€KHOCTAMH BCTAHOBJIEHO, IO TYCTHHA
TEIUIOBOI'O IMOTOKY Ha HEoOpoOJeHy TKaHMHY csarae noHaj 60 kB/M?, mo mocraTHbO s ii
3aliMaHHa. HaToMicTh, TycTMHa TEIUIOBOTO TIIOTOKY 4epe3 YTBOPEHHM Iap MIHOKOKCY He
nepepunmia 8,2 KBT/MZ, YOoro HeJOCTAaTHRO JUIA i1 3aliMaHH4.

Pesynpraty HaTypHUX BUNPOOYBaHb 3 BU3HAYECHHS MPOLIECY MepelaBaHHsI BUCOKOI TeMIepaTypu
MOJyM’sl Yepe3 MOKPUTTS 10 TKaHWHM TMOKa3ald, L0 NpH Jii MoiyM’ss Ha HeoOpoOseHi MOJeNbHi
3pa3KH eJIeMEHTIB HaMeTy, BUTOTOBJICHUX 3 NTApYCHMHOBOT TKAHUHU BiOYBa€eThCs ii 3aiiMaHHs Ha 45 ¢
Ta MOIIMPEHHS MOIYyM sl IOBEPXHEIO, 10 IPU3BOIUTH JI0 TOBHOTO 3ropanHs npotarm 108 c. Xapakrep
BUTOPAaHHS Ui MOJIEIbHOTO 3pa3ka €JEeMEHTIB HaMeTy, SKUH OOpoOJeHHH BOTHE3aXHCHUM
IHTYMECLEHTHUM TOKPHUTTAM, 1TOKa3aB BIJACYTHICTb MOIIMPEHHS MOJyM sl TICIs BUTOPaHHS BOTHHUIIA
Ta 3a(hiKCOBAHO CITyYEHHS 3aXUCHOTO MTOKPHTTS, IO CATAJIO 7...8 MM.

Modern construction and architecture, 2022, no. 2, page 77-87



BUILDING MATERIALS AND TECHNIQUES

[Momanpmr MOCHIMKEHHS MOXYTh OYTH CHpSMOBaHI Ha BCTAHOBJICHHS OCOOJMBOCTEH
3HWKEHHS TETJIONPOBIIHOCTI NP TEMIIEPaTypHOMY BIUIMBI MOJIyM sl Ha OyAiBeNbHY KOHCTPYKIIIIO
3 BOIHE3aXHUIIEHOI TKAHUHHU.

IMoasika. ABTOpM BHCIOBIIOIOTH MOASKY 32 (DiIHAHCOBY MIATPUMKY POOOTH, BUKOHAHOI B
pamkax OroxeTHOro ¢inancyBanHs Ne 0121U001007, a Takoxk Ha po3poOKy HAYKOBUX TEM Y
nporpami HaykoBoro criBpoOiTHuIITBa COST Action CA20139 «XomicTHYHE MPOSKTYBAHHS O1IbIIT
BUCOKHX JiepeB'sHux Oynisens» (HELEN).
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SIMULATION OF THE PROCESS OF HEAT TRANSFER TO TISSUE THROUGH
INTUMESCENT COATING
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Abstract. The problem of using fabric products for building structures for the storage and
transportation of explosives is to ensure their resistance to fire and durability during operation, but it is
necessary to take into account the change in their fire-resistant properties. Reducing the flammability
and developing non-flammable and non-flammable materials is one of the main areas of preventing
fires and solving the problem of expanding the scope of application of these materials. Treatment with
fire retardants has a significant effect on the spread of the flame, allows you to significantly reduce the
smoke-generating capacity and heat generation. Therefore, the object of research was canvas fabric,
which was fireproofed with an intumescent coating. Simulations were carried out and dependences
were obtained, which allow to calculate the value of the heat flow at the boundary "pinocoke layer -
fabric" depending on the effect of temperature. It has been proven that in the process of thermal impact
on the fabric, the process of transfer of high temperature and its ignition takes place. On the basis of the
obtained results of field tests to determine the process of transferring high temperature of the flame
through the coating, it was established that when the flame acts on untreated model samples of tent
elements made of canvas fabric, it ignites at 45 C and the flame spreads over the surface, which leads
to complete combustion for 108 s. The pattern of burning for a model sample of tent elements, which is
treated with a fire-resistant intumescent coating, showed the absence of flame propagation after the fire
burned out, and the swelling of the protective coating was recorded, reaching 7...8 mm. The practical
value lies in the fact that the obtained results of determining the properties of canvas fabric fire-
resistant with an intumescent coating make it possible to establish the conditions of operation of
products and building structures based on it.

Keywords: fabric fire protection, intumescent coatings, heat flow, surface treatment,
thermophysical properties.
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'Kuiscoruii HayioHanbHUll YHisepcumem OyOI6HUYMSEA i apXimeKmypu
rp. [ToBiTpodmorcekuii, 31, M. Kuis, 03037, Ykpaina

AHoTania. PosrnsHyra cuctema 3 ABOX AM(EpeHUINHUX PIBHAHb 3a JIOIOMOIOK SIKHX
ONUCYIOTh PYX PIAMHM B JApPEHaXHIH TpyOi 31 3MIHHOIO BHUTPATOI 1 YMOBM BXOAYy PIAMHHU 3
HABKOJIMIIIHBOTO IPYHTY Uepe3 CTIHKU B TpyOi B pexkumi ¢inbTpanii. Bona ckiagaerses 3 piBHSIHHS
rifpaBiiku 3MiHHOT MacH i MoaudikoBaHOro piBHAHHS (inbrpamii. JocmimkyBanuii TpyOomposin
IPOKJIaJCHUH 3 MPAMUM MOXUIOM «i». Iloka3aHo, 110 B JaHOMY BMIAJKy, 0€3 CyTT€BOI IMOXHOKU
APYyTUM 9ICHOM Moau(]iKoBaHOTO piBHSAHHS (inbTpamii MokHa 3HexTyBaTH. lllmsxom BBemeHHs
HOBMX 3MIHHUX BHXi/JIHAa CUCTE€MA 3BOAMTHCA 710 Oe3po3MipHOro Burisiy. [IpeacraBieHo po3B’s30k
JaHOT CUCTEMH PIBHIHHI y 0€3p03MipHOMY BHUIJISII.

Iloka3aHo, 10 B JaHOMY BHIIAQJKy PO3B’A30K BHUXIJHOI CHUCTEMHU pIBHSIHb 3aJIEKHUTh BiJ
BEJIMYMHUA TPHOX OCHOBHHX (haKTOpiB: KoedimieHTa ormopy 30ipHOTO JAPEHAKHOTO TPYyOOIPOBOIY
«y»; y3aranbHEHOro napamerpa «Ay, KUl KOMIUIEKCHO BPaXxOBY€ KOHCTPYKTHBHI 1 (inbTpariiiiHi
XapaKTEPUCTHKH PO3TILIYBAHOTO TOTOKY; T€OMETPHYHOTO IMOXWIIY NPOKIAJAHHS TPyOOIpOBOAY
«i». [Ipu aHammi3i BUKOPUCTAHO TOHSTTS HECKIHYEHHO JOBIOTO JPEHAXKHOTO TPYOOIPOBOMY, KU
NPOKJIaJeHUH 3 MOXWIOM, abo, IO Te X caMe, HMOXWJIbHOIO TPYOONpOBOAY 3 HECKIHUEHHOIO
GUTBTPaiiHOIO CIIPOMOXKHICTIO CTIHOK Oi4HOi moBepXHi. Biamiuaerbcs, mo Takuil TpyOOHpoOBiza
Oyzne MaTh MakCHUMajbHY NPOIYCKHY CIIPOMOXKHICTh B IMOPIBHSAHHI 3 TaKUM kK€ TPYOOIPOBOJIOM
oOMexeHoi OoBXMHHM. Ha OCHOBI MPOBENEHOr0 aHali3y OTPUMAHO BIIHOCHO IPOCTI 1 3pYy4Hl Y
BUKOPHUCTaHHI AHAJITUYHI 3aJ€XKHOCTI JUIsl PO3paxyHKy XapakTepy 3MIHM BUTpPaTH 1 INepenany
HATOPiB 32 JOBKUHOIO APEHAKHOTO TPYOOIPOBOAY MPOKIIAACHOTO 3 IEBHUM ITOXUIIOM.

3a 3anponoHoBaHUMHU (HOpMyJaMH MPOBEJEHA Cepis PO3PaXyHKIB OCHOBHHMX XapaKTEPHCTUK
JaHUX TpYyO MpHU PI3HUX 3HAUEHHSIX IMOXWITY, Ul HAOYHOCTI MOOYyJOBaHi BIAMOBIIHI TpadiyHi
3anexxHocTi. IlokasaHo, IO BeJIMYMHA TEOMETPUYHOIO TMOXWIIY NPOKJIAJaHHS HaMipHOTO
JIPEHAXKHOTO TPYyOOIPOBOY, MOPS 3 KOe(DIIIEHTOM OIMOpPY 1 y3aralbHEHUM IMapaMeTPOM, CYTTEBO
BIUIMBA€ Ha PO3PaxXyHKOBI apaMEeTpH TaKUX TPYO.

KuarouoBi cioBa: 30ipHUN JIpeHaXHUN TpyOOIpOBiJA, TIAPaBIIYHUM KOEQILIEHT TEepTH,
KoedilieHT QinpTpanii, QiIpTpaiiiHiuii omip, reOMETPUYHUN MOXWI JpeHakHOi TpyOu, 3MiHHA
BUTpaTa PiANHMU.

Beryn. Sk Binomo, /Ui 3a0e3nedeHHs cTa0UIbHUX YpoxKaiB B YKpaiHi JOCUTh PO3BUHEHA 1
aKTHUBHO EKCIUTyaTyeThCsl CUCTEMa MENIIOpAaTUBHHUX 3axoiB. IIpu IIbOMY TOJOBHUM €JIE€MEHTOM
METIOpaTUBHOI CHUCTEMH € MepeXka JpeHaXHUX TpyOONpoBOAIB 32 JIOMOMOIOK  SKHX
3a0e3neuyeThCcsi HeOOXiJHUN BOJIOTiCHUH peskum IpyHTY [1-3]. B 3amexHoCTi Bijg MiceBUX yMOB
JpeHaxH1 TPyOONpPOBOAM MOXKYTh MpAIIOBATH B HaMIpHOMY 1 O€3HAmipHOMY peXuMi, OyTH
MPOKJIaJieHl TOpU30HTAIbHO abo Matu neBHUM moxuia. Kpim Toro moxe Matu moxui abo Oytu
TOPU30HTAILHUM TaKOX 1 pIBEHb IPYHTOBUX BOJl HA MalJIaHYHKY, 110 MeJTiopyeThes [4].

BBakaeTbcs, 110 HAAXOMKEHHS PIIMHM B 30ipHUNA JpPEHAXHUHA TpyOONpOBif 3AIHCHIOETHCS
Oe3rnepepBHO 1 HEPIBHOMIPHO 3a Horo noBxkHHOI. CyTTEBUH BIUIMB Ha XapakTep NMPUTOKY MOBHHEH
MaTy CKJIaj IPYHTY Ta Mmarepiai (QuIbTpyrodoi MOBEpXHI JPEHaXHUX TPYOOIPOBOJIB, BiACTaHb MDK
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ApeHamMy 1 1X KOHCTPYKTHUBHI ocoOnuBOCTi. [l BpaxyBaHHS IMX MapaMmeTpiB B JaHiil poOoTi

BUKOPHCTAHO TMOHATTA (inbTpamiitnoro omopy apenu @ [5], akuii yMOBHO BBaXKae€ThCA MOCTIHHMM
B3JI0BXK JipeHH. KpiM TOro BiIoMO, 1110 Ha XapaKTEePUCTUKH MOTOKY CYTTEBO BIUIMBAE HASIBHICTD MOXHITY
JPEHAXKHOT TPYOU.

AHaJi3 OCTaHHIX J0CTiKeHb Ta myoJikamii. [TutaHHSIME PO3POOKH METOAMKH 1HKEHEPHOTO
PO3paxyHKy HamipHUX 30IpHHUX APEHAKHUX TPYOONPOBOAIB B PI3HHUX YMOBAaX HPUCBSYEHO TOCHTH
BEIIUKY KUTBKICTH poOIT [5-7]. [Ipr IbOMY pO3IIISAalOThCS BUIIAIKH POOOTH JaHUX TPYO 3 PiBHOMIPHUM
[8] i HepiBHOMIpHUM [9] TpHENHAHHAM PIIMHU B3JOBXK NULIXY. SIK MpaBWio, mpH aHamizi poOOTH
JNPEHAXHUX Tep(OpOBAHUX TPYOOIPOBOIB 3aCTOCOBYBAJIUCH PIBHSHHSA PYyXy PIAWMHHA 31 3MIHHOIO
Butparor [10]. Orpumani Ha iX OCHOBI pO3paxyHKOBI 3aJIE)KHOCTI 3 TUM Y 1HIIIUM CTYIIEHEM TOYHOCTI
OIUCYIOTh PO3risiAyBaHuil mponec. OHaK MPaKTHYHO BCl aBTOPU B CBOIX JOCIHIIKEHHSAX PO3IIISIaIN
BapiaHT TOPU3OHTAIBHOI MPOKIAAKH JPEHAKHUX TPYyO, KOIMM BIUIMBOM MOXWJIY JIPEHAXHOTO
TpyOONpOBOly Ha MOro po3paxyHKOBI MapamMeTpaMu MOXHa 3HeXTyBaTu. OIHAK Ha MPaKTHIIl 4acTo
BIUTUB OXWITY TPyOH HEOOXIHO BpaXOBYBATH JJIsl OTPUMAHHS peajlbHUX PE3YIIbTATIB.

Mera Ta 3aBaaHHs. MeToro gaHoi poOoTH Oysi0 Ha OCHOBI BUPIIIECHHS PIBHSHHS TiIpaBIIiKU
3MIHHOI Macu pO3pOOMTH METOAWKY I1HXKEHEPHOTO pPO3PaxyHKy 30ipHMX HaIipHUX JPEHAKHUX
TpYOOIPOBO/IiB, SIKI MPAIIOIOTH PU HASBHOCTI MOXWJTY KaHaiy. B pe3ynbrari po3paxyHKy Mpy BiIOMUX
KOHCTPYKTHBHUX 1 (PUIBTpAiiHUX XapaKTepUCTHKAaX CHUCTEMH HEOOXiHO OTpHMAaTH BiIIOBIIHI
TiIpaBliyHi MapamMeTpu MOTOKY a0o BUPILIYBaTH 3BOPOTHY 3afady — MpPH BIJOMHUX TiApaBIiYHUX
napaMerpax po3paxyBaTy peaibHi KOHCTPYKTHBHI 1 (GUTbTpaIliifHi XapaKTEPUCTHUKH CUCTEMH.

Marepiaaun Ta mMeroauka aocjigxkenb. [IpencraBiena podora 06a3yeTbes Ha pe3yibTaTax
0COOMCTHX aHATITHYHUX JOCITIKEHb OCHOBHUX MAaTeMAaTUYHUX 3AJIEKHOCTEH, 32 JOMMOMOTOI0 SIKUX
OMHCYETHCA PyX HAMIPHOTO TMOTOKY PiIMHU B 30ipHUX MeppopoBaHUX TPyOONpoBOAaX, IO
MPOKJIAJICH] 3 TOXUIIOM.

Pe3yabTaTn gocainkenb. Sk Bke BKa3yBajoCh, MPU MPOEKTYBaHHI METIOPATUBHUX CHCTEM,
B 3QJICXKHOCTI BiJ] penbedy MicLeBOCTI, 30ipHI JpeHakHi TPYOOIPOBOIU MOXKYTh MPOKIAJIATUCH SIK
TOPU30HTAILHO, TaK 1 3 IPAMUM ab0 3BOpPOTHIM moxuioM. ITix mpsmum moxwmioMm (i > 0) 6ymaemo
PO3YMITH BHUIMAJ0K, KOJM BIAMITKH JIOTKA 301pHOi IpEeHaXHOT TPYOW 3HIIKYIOTHCS 32 JOBKHUHOIO
BiJl MOYATKOBOTO JI0 KiHIIEBOTO mepepidy. 3BOpoTHIM moxuiioM (i < 0) BBaKAEThCSA MPOTHIICKHUI
BapiaHT, KOJHM BIJIMITKM JIOTKA MiJBUIIYIOTbCS B3JOBX TpyOu. IToBepXHs IPYHTOBHX BOJA TpHU
bOMY IpHUitMaeThcs ropu3oHTaNBHOO (I = 0).

PosrnsineMo OCHOBHHMH, HAWOUIbLI XapaKTepHUM, BHUMAJ0K poOOTH 30IpHUX APEHANKHHUX
TpyOONpoOBOJIB 0€3 TpaH3UTY, MPOKIAZACHUX 3 MPSIMHUM IHOXHJIOM HpPU TOPU3OHTAIBHOMY PiBHI
MOBEPXHI IPYHTOBHX BOJI. Po3paxyHkoBa cxema poOOTH ApeHH Ui [[HOTO BUMAJAKY IPUBEICHA HA
puc. 1.

v 1JOBEepXHS 3eMiil

N PONINIASZ 2NN
[ s R - " ===~ A A
Zi
hni Zxi
Iy hi Hhyi
M—‘_h'\'Qr‘ﬂ.._
Ani __'—"—-—--,._.___ P
N A Al T——— T -— _ Y
Xi T o
| QKI'
I;
|

Puc. 1. Cxema po60TH MOXUIBHOTO 301pHOTO IPEHAKHOTO
TpyOOIpoBOYy Ipu ropuzoHTasibHOMy PI'B
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Sk Bimomo [11], pyX piiuHM B JaHOMY BHIIAJKy OIUCYETHCS CHUCTEMOIO AMpepeHuiiHNX
PIBHSIHB, KA CKJIQIA€ThCS 3 PIBHSHHS TiApaBiiku 3MiHHOT MacH (1) 1 Moau(piKOBaHOTO PIBHSIHHS
¢inbrpanii (2):

dh 2.,dVv A,

— SV S0V 24 =0, 1)

dx. g dx 2gD

d(veQ) z

Tk, =, 2
dx @ @)

ne H — BucoTa po3TairyBaHHs piBHS IPYHTOBHX BOJ HAJl TOPU3OHTAIHLHOO TUIOIIMHOIO 3PiBHIHHS B
JOBUTBHOMY Tepepi3i TpyOu (B KIHIIEBOMY Mepepi3i ApeHH Ie TIMOWHA 3aHYpEHHsI OCl I[hOTO
TpyOorpoBoy); h — m’€30MeTpryHMiA Hamip B TPyOi; Z — 3MIHHHI 3a IOBKHHOIO IIEperay Haropis,
M €0 SKOTO BiOYBAEThCS BTIKAHHS PIAMHU 3 HABKOJIMIIHBOTO CEPEOBHUINA B JPCHAKHHUI

. A, . o
TpyOOIpOBiz; I—”:l — TEOMETPUYHMUA TOXHWJ TPOKIATAHHSA JAPEHAXKHOTO TpPyOONIpoBOaY
nosxunaoro |I; h = H —z —ix; dh = — dz — idx; Q, V, D, Q — BiamoBigHo, BUTpara, cepeaHs
MIBUJIKICTh, JiaMeTp 1 IUIoma TMepepidy NOTOKY Ha BiAcTaHi X BiZ modatky TpyOu;
@ — OinbTpauiiinuii onip apenn; K, — koediumient inbTpanii rpyHTy HaBKOIO TPYOW;

Aop — TIOpaBIIYHUN KOE(DILIEHT TEPTS APEHAKHOTO TPYOONPOBOAY; § — NPHCKOPEHHs BUIBHOIO
MmaaiHHs.
BukopucraBiim HaBeIeH BUIIE CIiBBIAHOIICHHS, a TAKOX BIBIIIM HOB1 3MIHHI:

Ya K, X
VeV x-teX|n .7 o
\/ﬁ QD \ 29 z,
BUXIJJHA CHCTEMa PIBHSHb 3BOJIUTHCS 10 O€3pO3MIPHOTO BUTIISAY:
_d—ii+4\7id—\_/i+c>l A\7,-2$B:O, (4)
dx; dx, o
dv,
—L =7, i
% ©)
1 Q@ |2
e Gy, =hy IB — Koediuient oropy 3iproro peraxroro TpyGonpoBoay; A ==~ \/E _
X z
K 4 I

y3araibHeHUil mapameTp 30ipHOI JApeHH, SKUH BpaxoBye i1 KOHCTPYKTHBHI 1 QuIbTpawiiiHi

lid .
XapaKTepUCTHKHU; B = — — mapamerp, sIKuil BpaxoBY€ BIUIMB MOXUITY IPEHAKHOTO TPYOOIIPOBOAY

K
Ha XapaKTepPUCTUKHU MOTOKY B HbOMY.

B HaBejeHUX CHIBBIJHOIIEHHSX IHACGKC «i» BIAHOCUTBCS JO TpPYOOIPOBOIY, SIKUN
IIPOKJIAZICHUN 3 TIOXUIIOM.

B piBHsiHHI (4) 1pyruil 4jieH BpaxoBye BTpaTH Haropy, Kl MOB’s3aH1 3 €(pEeKTOM MpHETHAHHS
PIAMHU B3OBXK IIISAXY, TPETIH — BTpaTH HANOPY Ha TiApaBiliuyHe TepTs, YeTBEPTUN — BIUIUB MOXMITY
JPEHaXHOI TPYOH.

Sk mokaszano B po0orti [12], mpu po3paxyHKy ApeHaKHUX TPYOOIPOBOJIB JAPYTHM YICHOM B
piBHsiHHI (4), B 3B’A3KYy 3 HOro BIHOCHO MAaJIOI0 BEIMYHMHON, 3a3BHYail HEXTYIOTh. TOJIli BOHO
NpUME BUTJIISAL:

% = C,OP AV, +B. (6)
[TincTaBuBmm 3anexHICTh (5) B (6) 1, pO3AUIUBIIY 3MiHHI, OTPUMAEMO:
7,0z, =, AV,*dV, T BdV, . 7)

[Ticns inTerpyBanHs Bupas (7) HaOyxae Burisiny [13]:
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52 73
Z; V; —
?—Z;|a[)A?iBVi+C. (8)
KoHcTaHTy iHTerpyBaHHs 3HAXOMMO 3 IPAaHHYHHUX YMOB: Ha [O4YatTKy Tpy6u V,,=0; Z, =2, ,
52
. .
tom C=—"2-,
2
[MincraBuBm y (8), 0cTaTOYHO OTPUMAEMO:
2AC, _ _
g w73 + 2BV, 9)
3anexHicth (9) B KiHLIEBOMY TIepepi3i pealibHOT HOXMWIBHOI TPyOH Oy/ie MaTh BHUIJIS:
=2 ZACM 73 V2
12, =— "V, 2BV, (10)

JIns momanbmioro aHamizy BHUKOPHCTAaEMO IOHATTS 30ipHOTO JIPEHaKHOTO TPyOOHpOBOAY
HecKiHYeHHOI noBxuHU (| —>o0, § —o0). JUis HbOro MepernajoM HAloOpiB B MOYATKOBOMY
P

nepepisi, y 3B’S3Ky 3 HOro MajiMM 3HAuYCHHsM, MOXHa 3HexTyBatH (Z,, —0) (mama BumOro

MOPSIAKY Zfi <<1). Toni 3anexHicts (10) mpuiimMe BUTIIA:
—»V3 F2BV . =1, (11)

— 3
e VKOO =3 .
246,
3Ha4YeHHs BiTHOCHOI IIBHAKOCTI B KiHIIEBOMY IEpepi3i MOXMIBHOTO HECKIHYEHHO JIOBTOTO
30ipHOTO JAPEHAXHOTO TPYOOMPOBOLY PO3PAXOBYEMO SIK MIMCHUN JIOAATHIA KOpPiHb KyOI4HOTO
piBasHHs (11). Jlns monermeHHs po3paxyHKiB MOYKHa KOPHCTYBAaTHUCh TpadikoM Ha pHcC. 2,

(E=—2).
24N,
Vi s
2 | R R R E=0
L8| S o I E=0,1
) R N Y g
Y — — : = E=0.3
’ i 5 : | E=0,4
ol L 7 o . E=0.5
R P e E208
0,6-[g =08
04 -4 = | 5 PE=1.0
e e R |

Puc. 2. I'padik Bu3Ha4eHHs KOpeHiB piBHAHHSA (11)

ITpu B = 0 piBuasiaHs (11) mepexoauTh B 3aIE€KHICTh, IO OMHUCYE POOOTY TOPU3OHTAIBHOTO
301pHOTO JPEHAKHOTO TPYOOTIPOBOTY.

JUis ToJanbIIoro aHajiily BBEIEMO 0 PO3MIIALY MOHATTS (iKTUBHOIO TOPH30HTAIBHOTO
( = 0; B = 0) 30ipHOrO ApEeHAKHOTO TPYOOIPOBOAY HECKIHUEHHOI MOBKUHH. IIpu 1IbOMY daHUI
TpyOOIPOBiA Ma€ OCHOBHI XapaKTEPUCTHKH, 1110 3a0€3Meuy0oTh B HOT0 KIHIEBOMY Iepepis3i Taky X
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BIZITHOCHY MIBHJKICTH (BHTpPaTy), SK y MOXWJIBHOTO JPEHAKHOTO TPYOONPOBONY HECKIHYEHHOI
JOBKUHU, TOOTO JIJIsl HUX CIPABEIJIMBE CITIBBITHOIICHHS:

— — 3

vV, =V =

@.x kooi — 3 '

ZACM,,

Sx mokazano B poboti [14], mis (ikTUBHOrO 30ipHOTO TOPU3OHTAIBHOTO APEHAKHOTO
TpyOOIIPOBOIy HECKIHUEHHO1 JIOBKUHU 3QJICKHICTh MK JIIOYUM BiJIHOCHUM IIE€perajoM HaIopiB 1

BITHOCHOIO IIBUAKICTIO Ma€ BUTJISIIL:
5 op\J 3
qu_W/ 3 V(ﬁ . (13)

[MpupiBHsiBIIM 3aieXHICTE (9), OIS HECKIHUEHHO JOBrOr0 MOXWJIBHOTO JIPEHAKHOTO
TpyOomposony (3a ymosu Z,; — 0) 1 Bupas (13), orpumaemo:

248, . 24¢, _
— VR 2B, -V <0, (14)

(12)

3 OCTaHHBOrO KyOGiYHOrO PIiBHSHHS, HpU Bimomomy V,, pospaxoByemo V.. Ilicist iioro

MiJICTAHOBKH B 3QJICKHICTb Ui ONHCAHHS BEJMYMHHM BiTHOCHOI BUTPATH B TOPU30HTAIBHOMY
30ipHOMY TPYOOTIPOBOII:

- - 1 1
1+ 2% "0 1+-x
V(ﬁ.xoo 2V(ju<oo

1 HECKJIaTHUX NIEPETBOPEHb, 3HAXOIUMO BITHOCHY BIJICTaHb X;, IPH AKii Oyae MaTH MicIie Ta cama

34 BEJIMUMHOIO BIJJTHOCHA NIBUAKICTD:

1 — 1
X, = Z - 2V¢_Koo A 1 -11. (16)
v, " 2
@Ko
1+ r
ZAqu.KOO

Jl1s BUSHAYCHHS! CIIIBBIAHOIICHD MK X 1 X, , IIPU SKUX BIAHOCHI IIBHIKOCTI B mepepisax

PEaIbHOr0 MOXMIBHOTO i (IKTHBHOIO TOPU3OHTAILHOrO TPYOOnpoBoAiB OyayTs piBHi (V; =V,),

1 q

iCTaBUMO \de 3 (14) B 3anexHicTh oTpuMany 3 (13), maemo:

B 25, Ay
Zi = 3 th).ooi +28qu.ooi ' (17)
3Bizcy, 3 ypaxyBaHHsaM (16), orpumaemo:
ety (L) w9

1 A K0 3;/2_[
Omxe, Bupasu (16) i (18), BiAMOBIIHO, TO3BOJISAIOTH BH3HAYWTH 3HAYCHHS BIJIHOCHOI
KOOP/MHATA X pEalbHOro TpyOONmpoBOAY B 3alCKHOCTI BiJl BIAHOCHOI KOOpAMHATH X,

92
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(hikTHBHOTO TPYOONPOBOAY, NPHU AKUX BEIMYMHH BIAHOCHUX HANOPIB Z; 1 Z, abo WBUAKOCTEH V; 1
V,, (Butpar Q; i Q) 6yayTh piBHi Mix coGoIO.

[IpuBenennii MaTepias J03BOJISE 3alIPONOHYBATH JJISi BUKOPUCTAHHS METOAMKH PO3PAXYHKY
301pHUX JPEHAXHUX TPYOOIPOBOIIB 3 MOXUIIOM IS PiI3HMX BapiaHTIB 3a1a4. KOHKpeTHUN BUTIISA
METOAMKH 3aJISKUTh BiJl OCTaBJICHUX 3aBJaHb.

Hwxkue mnpuBeneHa MeTOAMKA 1 TPUKIAL PO3PaXyHKYy BHUTPATH B KIHIIEBOMY Iepepisi
MOXMJIBHOTO JPEHaKHOTO TPYOOIIPOBOTY.

MeTtoanka Ta NPHUKJIAL PoO3paxyHKy. BusHaumtu BHUTpaTy B KIHIIEBOMY Iepepisi
MOXUJIBHOTO 301pPHOTO JPEHAXHOTO TPYOOIIPOBOTY 3 XapaKTEPUCTUKAMHU:

D=0,1 m;H=1,4Mm; h.=0,3 M Ays =0,035; | =200 m;
ky = 0,5 M/106 = 0,000023 m/c; @ =0,8; i = 0,005.

1. 3HaxoaMMO mepernaj HanopiB B KiHIN TPyOOIpOBOIY 1 HOTr0 IOy NOMEPEYHOro mepepizy:

nD? _4-0,°
4
2. BuzHayaemo koeilieHT omopy 30ipHOTO JPEHAKHOTO TPYOOIIPOBOAY Qlop; y3araJbHEeHUN

=H-h,=14-03=1,1m; Q=—"n —0,00785 m?

napameTp 30ipHOI IpeHu A; mapaMeTp KUl BpaXOBY€E BIUIMB MOXIITY APEHAKHOTO TPYOOIIpOBOIY B:

¢ = ) —00352%0 7o p.li4_200-0005531 .
» D 01 Z, 13
4oL _OP [2g_ 00078508 [2:88L ., . 1 1
X, kgl \z, 0000023-200\ 13 A4 531

K K

Po3paxyHOK 31iiCHIOEMO 13 3aCTOCYBaHHSIM 0€3pO3MiIpHUX 3MiHHHX:

— Vv ) ) ) ..
V= \/2_ — 06e3po3MipHa MBUAKICTH B IOBLIILHOMY IEepepisi;
9z,
_ k(px z 6 .
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K
3. Po3paxoByeMo 3HadyeHHsI O0€3pO3MIpPHOI HMIBUIKOCTI B KIHIIEBOMY Iepepi3l HECKIHYEHHO
JIOBTOT0 TOPU30HTAIBHOTO APEHAKHOTO TPYOOIIPOBOAY:

\TKOO =3 3 =3 3 = 0,16_
24¢, \2-531-70

4. 3Ha4yeHHs BIJHOCHOI IIBUJKOCTI B KIHIIEBOMY I€pepi3i HECKIHUEHHO JI0BIOr0 MOXUIBHOTO
TpyOOIPOBOY 3HAXOAUMO 3 KyOi1uyHOTrOo piBHAHHA (11):

/3

\\/;;01 ~2BV,, =1,
\/ 3
2)/;0601 ~2.4,08V,,, =1.

Maemo V, ; =0,227 .

5. Ilepexonsuu 10 po3MipHHx BEJIMYHMH, OTPUMAEMO:

V. i "y/20z, =0,227-42-9,81-1,3 =1146Mm/c.

6. B po3aMipHUX OAMHUIISIX BUTpATa B KIHIEBOMY Iepepi3i 301pHOro MOXUIBHOTO JPEHAKHOTO
TpyOOIPOBOYy CTAHOBHUTD:
Q. =V, -Q=1146-0,00785 = 0,009m"/c.

93

Modern construction and architecture, 2022, no. 2, page 88-96



94

UTILITY NETWORKS AND FACILITIES

BucHoBku. B po6oTi Ha 0CHOBI aHaIi3y AU(EpeHLIHHUX PIBHSAHB, SKi ONMUCYIOTh PYX PIAMHU
B 30ipHHMX HaIIpHUX JPEHAXHUX TPYyOONPOBOJAX, SIKI MPOKIAJICHI 3 MOXUIOM I, 3aIIPOIIOHOBAHO
BITHOCHO TMPOCTI AaHAJITU4HI 3aJIeKHOCTI 1 JomoMikHi rpadiku amas iX pospaxyHky. [lpu
NPOBEJCHHI AaHali3y BBEJCHO IOHATTS HECKIHYEHHO JOBIOTO IMOXHJIBHOTO JPEHAKHOTO
TpyOonpoBoay abo TpyOOIpOBOAY 3 HECKIHYEHHOIO BEJIMYMHOIO MPOCSKHEHHS O1YHOI MOBEpXHI
CTiHOK TpyOu. OLiHEHO BIUIMB BEIMYMHU MOXHMIIY HA PO3PAXyHKOBI MapaMeTpH TaKUX TpyO mpH ix
pI3HUX KOHCTPYKTMBHUX XapaKTepuCTHKax. HaBeneHo mpuKIaa po3paxyHKY KiHIIEBOI BHTpaTH
HNOXWJIBHOTO  ApeHaxkHoro Tpybomposoxy. [lpuBemeHi Qopmynnm peKOMEHAYIOTbCS UL
3aCTOCYBaHHS B ILIMPOKOMY Jiana3oHi 3MiHM TapaMmeTpiB JpeHaKHUX TPyOONpOBOMIIB, WIO
NPOKJIAJICH] 3 TOXWIOM. [l MOAANbIIOro PO3BUTKY JAHOTO HANPSAMKY JOCHIIPKCHb BBAYKAEMO 32
HeoOXigHe OUTbII JeTaJbHE BUBYCHHS BHYTPIIIHBOI TiAPOAMHAMIKMA TOTOKY DITHH B 301pHHX
APEHAXKHUX TPyOOIPOBOAAX.
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THE SLOPE INFLUENCE ON CALCULATED PARAMETERS OF COLLECTING
DRAINAGE PIPELINES

'Kravchuk A.M., Doctor of Technical Sciences, Professor,
kravchuk.am@knuba.edu.ua, ORCID: 0000-0001-8732-9244
'Kravchuk O.A., PhD, Associate Professor,
kravchuk.oa2@knuba.edu.ua, ORCID: 0000-0001-6578-8896
'Kyiv National University of Construction and Architecture
31, Povitroflotsky Ave., Kyiv, 03037, Ukraine

Abstract. System of two differential equations, which describe the liquid motion in a
drainage pipeline with variable flow rate and the conditions of liquid entry from the surrounding
soil through the walls of the pipe in filtration mode, is considered. It consists of a variable mass
hydraulics equation and a modified filtration equation. The explored pipeline is laid with a direct
slope "i". It is shown that in this case, the second term of modified filtration equation can be
neglected without significant error. By introducing new variables, the original system is reduced to
a dimensionless form. The solution of this equations system in dimensionless form is presented.

In this case the solution of the original equations system depends on the value of three main
factors: the resistance factor of the collecting drainage pipeline "(;"; the generalized parameter "A",
which comprehensively takes into account the structural and filtering characteristics of the stream;
the geometric slope of pipeline laying "i". The analysis used the concept of an infinitely long
drainage pipeline, which is laid with a slope, or, what is the same, an inclined pipeline with an
infinite filtering capacity of the side surface walls. It is noted that such pipeline will have the
maximum throughput compared to the same pipeline of limited length. Relatively simple and easy-
to-use analytical dependencies were obtained on the basis of the conducted analysis. They allow to
calculate the nature of the flow rate variations and pressure drop along the length of the drainage
pipeline laid with a certain slope.

A series of calculations of the explored pipelines main characteristics were carried out
according to the proposed formulas at different values of the slope. Corresponding graphic
dependencies were constructed for clarity. It is shown that the value of the geometric slope of the
pressure drainage pipeline, along with the resistance factor and the generalized parameter,
significantly affects the calculated parameters of such pipelines.

Keywords: collecting perforated pipeline, hydraulic friction factor, hydraulic conductivity,
filtration resistance, geometric slope of the drainage pipe, variable fluid flow.
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WATER QUALITY OF LAKE KATLABUKH
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Abstract. The soil and thermal resources of the Odessa region allow growing a variety of
agricultural crops with a yield much higher than currently obtained. But this is possible only when
using irrigation. The southwestern part of the region has such a powerful source of water as the
Danube River, from which irrigation is carried out and the lakes Cahul, Yalpug, Katlabukh, China
and a number of reservoirs are filled. For a number of reasons, after 2000 the actual amount of
irrigated land has decreased significantly. Along with this, the quality of water in reservoirs
changes, and sometimes they disappear from the map. At the state level, various programs are being
adopted to restore irrigation in the southern regions of Ukraine without understanding the presence
and hydrochemical composition of the waters of reservoirs.

To do this, it is necessary to conduct a detailed analysis of the presence of water bodies and
assess their chemical composition. This work is devoted to one of the sources of water supply for
the national economy, namely Lake Katlabukh.

Lake Katlabukh is used as the main source of irrigation for three state systems -
Suvorivskaya, Izmailskaya and Kislytskaya (formerly Kirovskaya) irrigation systems (1S) and small
irrigation areas (SIA) on an area of 16.671 hectares. In addition, the Loschinivske, Kaminske,
Banivske and Muravlivske reservoirs were additionally filled with lake waters to irrigate 22063
hectares within the limits of the Loschinivske, Tashbunarske, Muravlivske and Banivske IS and the
SIA adjacent to them.

The aim of the work is to analyze the hydrochemical state and assess the quality of water
according to agronomic criteria over a thirty-year period of one of the lakes, the waters of which
have been and continue to be used for irrigation.

To solve this problem, materials of hydrochemical observations were collected and processed.
The main indicators of anionic and cationic composition, mineralization index and pH are
summarized and averaged for every five years from 1991 to 2020. Separately, data for 2021 is
given. To assess the quality of water according to agronomic criteria, all indicators were calculated
according to the latest methodology. The main reasons for the deterioration of water quality have
been identified.

Keywords: water quality, agronomic indicators, irrigation water, mineralization, reservoir.

Introduction. The hydrochemical and nutritional regime, physical and physicochemical
properties, and, accordingly, the fertility of the soil are largely determined by the quality of irrigation
water. Water with high mineralization leads to salinization, and water with low mineralization leads to
excessive salinization and leaching of nutrients from the soil. Water with an unfavorable ratio of
monovalent and divalent cations causes salinization, alkalization and soil degradation.

Climatic features of the region are that the limited factor that limits the amount of yield is the
lack of moisture. It was possible to increase the yield only by supplying water to the fields with a
certain agricultural technology. Irrigation in this territory was carried out in a small amount in pre-
war times, it began to develop in 1947, when the government of the Ukrainian SSR made a decision
on watering and irrigation of the lzmail region [1]. But intensive construction began in 1966.
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Irrigated areas in 1966 amounted to 31.5 thousand ha, in 1991 — about 240 thousand hectares [2]. At
the beginning of 2022 this figure has hardly changed.

From 1991 to the present, the land that is actually irrigated has decreased significantly and the
quality of water for irrigation has changed. Several main reasons contributed to this: land
reclamation — many new landowners appeared, who are economically unable to irrigate their small
plots of land and maintain meliorative systems in a satisfactory condition; introduction of paid
water use — led to a decrease in water use by consumers, partial or complete cessation of preventive
discharges and flushing of reservoirs; various "optimizations” led to a decrease in the personnel
potential of water management departments and uncertainty regarding the further development of
irrigation. Weather and climatic conditions together with the hydrological regime of the Danube
River, the main supplier of water for reservoirs used for irrigation, also play an important role.

Analysis of recent research and publications. Mechanisms of interaction between irrigation
water, soil solutions and the solid part of soils are very complex and diverse. This explains the fact
that several methods were used to assess the quality of water during the period of the research given
in this paper [3-5].

Until 1995 criteria proposed by M.F. Budanov, O.M. Mozheyko were used to assess water
quality. and Vorotnik G.H. The assessment was carried out by determining the mineralization of
water. From the point of view of the danger of salinization according to Budanov M.F. water is
suitable for all types of soil, if the total mineralization does not exceed 1 g/dm®. With a
mineralization of 1-3 g/dm?®, water can be used for irrigation if the fraction of dividing the sum of
concentrations of all mineral substances in mg-eg/dm® by the sum of calcium and magnesium
concentrations does not exceed 4 for medium and heavy loamy soils, 5 for loamy soils and 6 for
sandy and sandy soils.

As an indicator that evaluates the possibility of salinization of soils during irrigation, various
authors used mathematically expressed ratios between monovalent and divalent cations in irrigation
water in different ways. Mozheyko O.M. and Vorotnik G.H. for these purposes, the value of the
ratio of the amount of Na*+K™ to the sum of all cations in mg-eq/dm?® was used. At the same time, if
the ratio is less than 0.65, then the waters were considered safe in terms of salinization of the soil:
0.66-0.75 — dangerous, and more than 0.75 — very dangerous. According to Budanov M.F. water is
unsuitable for irrigation if the ratio of Na* to Ca®" is greater than 1 or the ratio of Na* to the sum of
Ca®" and Mg*" is greater than 0.7.

In order to change this approach to the assessment of irrigated waters by the order of the State
Standard of Ukraine N° 194 dated 07.29.1994 a new standard was introduced, which was developed
under the leadership of S.A. Balyuk [4]. According to agronomic indicators, water quality was
evaluated according to five indicators: the danger of secondary salinization, salting and alkalizing of
soils, toxic effects on plants, and thermodynamic indicators. Such an indicator as water
mineralization in this standard is not taken into account at all.

In 2016, SSU 2730-94 was replaced by the order of SE "UkrSRSC" dated June 22, 2015
according to N° 61, a new standard for assessing the quality of irrigation water according to
agronomic criteria was introduced, which is used nowadays [5]. The assessment is also carried out
according to the main five indicators. It differs from the previous one mainly in the determination of
the amount of toxic salts in chlorine equivalents, the assessment of the danger of salinization, and
numerical gradations in the assessment of water quality by all five indicators.

Lake Katlabukh was and is used as the main source of irrigation for three state systems —
Suvorivska, lzmailska and Kislytska (formerly Kirovska) irrigation systems (I1S) and small
irrigation areas (SIA) on an area of 16.671 hectares. In addition, the Loschinivske, Kaminske,
Banivske and Muravlivske reservoirs were additionally filled with lake waters to irrigate 22.063
hectares within the limits of the Loschinivske, Tashbunarske, Muravlivske and Banivske IS and the
SIA adjacent to them.

The analysis of the existing materials shows the practical absence of thorough scientific
publications by specialists on the quality of water in the Danube reservoirs, and in particular in
Lake Katlabukh and reservoirs that have been filled with its waters since 1991. Individual
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publications cover only certain periods [6-11] or generalized global issues [12].

The goal of the work. The main increase in water needs in the near future may be associated,
first of all, with the restoration and development of irrigation not only in Odesa, but also in other
southern regions, which, in particular, is provided for by the corresponding concept and conceptual
approaches, which are the basis of the strategy for the restoration of work and development of
irrigation systems in Ukraine [13]. The concept envisages increasing the irrigated area in the Odesa
region by 100,000 hectares. In addition, according to the idea of the authors of the report on
scientific research work, it is possible to improve the water supply of other southern regions of
Ukraine at the expense of water from the Danube River. But the implementation of the principles
specified in [12, 13] is impossible without an analysis of the dynamics of the hydrochemical state,
suitability and prospects for use on certain significant water bodies in the southwestern part of
Odesa. Therefore, the subject of the study was Lake Katlabukh, as one of the main water bodies of
irrigation and on which the condition of four more reservoirs, mainly in the Izmail district, depends.

Materials and research methodology. Lake Katlabukh is filled in the interfluent period with
the Danube River by the main pumping station (MPS), with a supply volume of 11.1 m%s, and
during floods — by gravity through the existing "Zhelyavsky" channel, at the head of which there is
a two-way regulator lock. Water withdrawal from the reservoir to the irrigation arrays is carried out
by four pumping stations: at the Suvorivska IS — PS-1 and PS-2; to the Izmailsk 1S — MPS and to
the Kyslytsk IS — MPS. In order to supply water to the irrigation network, pumping stations (PSS)
were built. In order to connect the emergency water supply with the PSS water intake, they have
regulating tanks-pools and main channels. Pools carry out daily regulation, connecting the uneven
stepped supply of water into a closed grid. Water was supplied to the Loschinivske, Kaminske, and
Banivske reservoirs through the pipeline system from PS-2 of the Suvorivska IS and MPS of the
Izmailsk IS; to the Muravliv reservoir from PS-1 Suvorivska IS.

Until 1995-2000, irrigation was carried out by sprinkler machine (SM) "Volzhanka", two-
console sprinkler unit — 100, partly by SM "Fregat". After 2000 in the structure of irrigation, the
share of these aggregates was significantly reduced and drip irrigation appeared.

To analyze the water quality in the reservoirs, the results of chemical analyzes were collected
and analyzed, which were taken directly at the PS and MPS during 1991-2021 and were carried out
by the laboratory of the Odesa Hydrogeological and Reclamation Expedition (1991-2017) and the
water monitoring laboratory of the Southern Region of the Separate Subdivision "Black Sea Center
for Water Resources and Soils" (2018-2021). For ease of understanding, the obtained data were
averaged for every five years, namely 1991-1995; 1996-2000; 2001-2005; 2006-2010; 2011-2015;
2016-2020 Data for 2021 are given separately.

To assess water quality according to agronomic criteria, SSU-2730-2015 "Quality of natural
water for irrigation™ was used. Agronomic criteria” [5].

Regulation of the quality of irrigation water according to agronomic criteria determines the
quality of water for irrigation by its influence on:

1) soils, in order to preserve and increase fertility, as well as prevent the processes of
salinization, salting, lithification and violation of the biological regime;

2) ensuring the planned yield of agricultural products, productivity and intensity of
development;

3) the necessary quality of agricultural products, their completeness and good quality.

Standardization of irrigation water quality indicators according to agronomic criteria was
carried out taking into account the composition and properties of soils in conditions when the level
of groundwater does not exceed the critical level under the recommended irrigation regimes.

Agronomic criteria for assessing the quality of irrigation water were evaluated according to
the following indicators: danger of irrigation soil salinization; the danger of soil calcification;
danger of toxic effects of irrigation water on plants; the danger of salinization of the soil, the value
of pH and water temperature.

Assessment of the quality of irrigation water according to the danger of irrigation salinization
of soils was carried out on the basis of the indicator of the total concentration of toxic ions (in
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chlorine equivalents), taking into account the group of soils and their granulometric composition
(SSU 7908). The risk of soil alkalinization was assessed taking into account the comprehensive
assessment of most indicators — the value of the hydrogen index (pH), toxic alkalinity and alkalinity
from normal carbonates (SSU I1SO 10390, SSU 7845, SSU 7943) [5]. Assessment of the quality of
irrigation water according to the danger of its toxic effect on plants was determined by the hydrogen
indicator, the content of alkalinity from normal carbonates, the content of chlorine and the sum of
toxic salts in chlorine equivalents. The danger of salting of soils was determined by the ratio (in
percent) of the sum of alkaline cations of sodium and potassium to the sum of all cations, taking
into account the main types of irrigation soils, their anti-saline buffering capacity and granulometric
composition of soils, the amount of excess of magnesium over calcium in irrigation water, and the
class of water according to danger calcification of soils.

When assessing the quality of irrigation water, three classes of its suitability are distinguished:
Class I — "Suitable", Class Il — "Limited suitability” and "Unsuitable” (Class I1I).

Research results. For the assessment of water quality according to agronomic criteria, during
the period given in the work, various methods were used, therefore, based on previously obtained
data, we assessed water quality according to the last one [5]. Chemical composition of water and
assessment of its quality according to agronomic criteria during 1991-2021 shown in Table 1. In
total, more than 270 water samples were analyzed.

Table — 1 Assessment of the quality of irrigation water according to agronomic criteria

100

Assessment of the quality of irrigation water by hazard
Date of Secondary salinization Alkalinity of soils
selection | Concentration of |\, 0 HCO;-Ca | Water
toxic ions, pH mg-eq
class 3 mg-eq class
mg-eq dm dme
dm?
1991-1995 10.49 I 8.26 0.44 1.66 I
1996-2000 12.97 I 8.4 0.16 2.36 1
2001-2005 17.93 I 8.34 0.50 2,7 I
2006-2010 19.06 I 8.63 0.74 6.06 i
2011-2015 17.41 I 7.98 0.37 2.85 1
2016-2020 21.77 ] 8.06 0.27 6.06 I
2021 16.76 I 8.32 0.47 3.17 1
Assessment of the quality of irrigation water by hazard
Toxic effect on plants Isolation of soils
Class of | The ratio of
Date of Concentration water sodium and
selection CO3 CL . Water |according to| potassium | Water
pH | mg-eq | mg-eq of toxic ions class | the danger |cationsto the| class
dm® | dm? n:jg-qu of soil sum of all
m N .
alkalization cations
%
1991-1995 | 8.26 | 0.44 | 5.28 10.49 1 1 58.92 i
1996-2000 | 8.4 0.16 7.91 12.97 I I 67.41 I
2001-2005 | 8.34 | 0.5 | 10.56 17.93 1 1 75.12 i
2006-2010 | 8.63 | 0.74 | 9.86 19.06 I i 76.43 Il
2011-2015 | 7.98 | 0.37 | 10.56 17.41 1 1 62.31 i
2016-2020 | 8.06 | 0.27 | 13.56 21.77 I I 73.98 Il
2021 8.32 | 0.47 9.73 16.76 I I 57.04 I
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In Lake Katlabukh, the water is chloride-sulfate, magnesium-sodium, less often sulfate-chloride,
sodium-magnesium. The mineralization index varies on average from 1.09 to 2.29 g/dm?, with the
variability of the minimum and maximum indicators being 0.35-2.29 g/dm® and 1.98-4.30 g/dm?,
respectively. At the same time, there is a gradual increase in the average and maximum indicators in the
dynamics. The vast majority of waters are slightly salty according to the mineralization index [14].
According to the hydrogen indicator, the water is mostly alkaline — 7.98-8.63, although in some samples
acidic properties were recorded — 6.23-6.90. It is characterized by a significant natural content of
sulfates (8.25-18.69 mg-eq/dm?) and sodium ions (8.00-20.07 mg-eq/dm®), to a lesser extent — chlorides
(5.28-11.56 mg-eq/dm®) and magnesium ions (6.16-12.89 mg-eq/dm®), which significantly affects water
quality according to agronomic criteria. Since the concentration of the above-mentioned components
increases with the mineralization index. According to most of the studied agronomic indicators, the
water quality belongs to the Il class, i.e. to "limited suitability”. According to the danger of salting of
soils, as a result of the increased ratio of the amount of alkaline cations of sodium and potassium, taking
into account the magnesium content, to the amount of cations — up to 111 class, that is — "unusable™.

Conclusions. Until 1991 the average annual rainfall did not exceed 400 mm. After that, there
is a gradual increase from 400 to 500 mm, and in some years more than 500 mm (Fig. 1). At the
same time, the number of days with precipitation and their intensity are changing, more and more
precipitation is torrential in nature (Fig. 2).

Long-term observations of the dynamics of water quality in Lake Katlabukh testify to a
significant change in water quality, which was influenced and is influenced by several main factors,
namely: de-soldering of land, introduction of paid water use, various "optimizations" of the water
industry, etc. An important role is played by weather and climatic conditions together with the
hydrological regime of the Danube River, the main supplier of water for reservoirs used for irrigation.

The above-mentioned reasons, in turn, contributed to the change in water quality in reservoirs,
and in our case, in Lake Katlabukh. In the reservoir, there is a gradual increase in the mineralization
index, the concentration of the main ions (SO,%; CI; Na*; Mg?"). Everything is certainly reflected in
the suitability of water for irrigation according to agronomic criteria. Mostly. according to most
agronomic indicators, water quality belongs to class Il, i.e. to "limited suitability"”. "Unsuitable” (ll1
class) only due to the danger of salinization of soils, due to the increased ratio of the amount of alkaline
cations of sodium and potassium, taking into account the magnesium content, to the amount of cations.

Implementation of the "Irrigation Strategy...” [13] is impossible without state support and
regulation. At the same time, support should not be declarative, but nominal, financial. Without this,
not only will the quality of water in lakes, reservoirs, and ponds not improve, but they may
disappear altogether, as many reservoirs have already disappeared. In the conditions of "regulation™
of the reservoir, in our opinion, it is necessary to carry out a number of priority measures with the
involvement of state support, namely, conducting a bathometric survey, clearing and deepening
suitable channels, increasing the actual irrigated land, etc.
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Fig. 1. Annual rainfall (mm) according to the data of the Tatarbunar balance measurement station
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Fig. 2. Annual number of days with precipitation according to the Tatarbunar balance measurement

station
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IV "Haykoeo-inocenepnuil yenmp paoio2iopo2eoekoio2iunux noiieOHHUX 00CHI0NCEHb
HayioHanbHoi akademii Hayk Ykpainu"

ByJ1. O. 'onuapa, 55-b, m. Kuis, 01054, Ykpaina

Anoranis. Ipynrosi ta TemnoBi pecypcu Omechbkoi 00JacTi J03BOJISIOTH BHPOILYBATH
PI3HOMaHITHI CUTBCHKOTOCTIONNAPCHKI KYIBTYPH 3 BPOXKAMHICTIO 3HAYHO BHUIIE, aHIXK SKI OTPUMAIOTh
Ha JaHWUi yac. AJie 11e MOXKJIMBO TUIBKHM IPU BUKOPHUCTaHHI 3porneHHs. [liBaenHo-3axiqHa 4acTHHa
00J1acTI B CBOEMY DO3INOPSAPKEHHI Mae Take MOTYXHE JKepeao Boau Ak piuka JlyHail 3 sKoi
MIPOBOJIUTHCS 3POIICHHS 1 3amoBHIOOTHCS o3epa Karym, fAmmyr, KatmaOGyx, Kutaii 1 HH3KH
BOOCXOBHIL. 3 psiny npuuuH micig 2000 poky ¢dakTHUHA KiJIBKICTh 3POIIYBAHHUX 3€MENb 3HAUHO
ckopotmiacs. Pa3om 3 UM 3MIHIOETBCS SKICTh BOAM B BOJOWMAxX, a MOJCKYJIH BOHU 3HUKAIOTH 3
Manu. Ha nep>kaBHOMY piBHI IPUIMAaIOThCSI PI3HOMaHITHI MPOTrpamMu MO BIAHOBIECHHIO 3POIICHHS B
MiBJICHHUX 00JacTsaXx YKpaiHu 0e3 po3yMiHHS HAsBHOCTI 1 T1POXiMIYHOTO CKJaxy BOJ BOJOIM.
Jlnst bOro HEOOX1JHO MPOBECTHU JCTAIBHUI aHalli3 HAasBHOCTI BOJOHM 1 OIIHHUTH iX XIMIYHHHA
ckiman. Jlama poOora mpHCBAYEHA OJHOMY 3 JDKEpEN BOJOIOCTAYaHHS Ui HApOJHOTO
rocrojiapcTBa, a came ozepy Katnadyx.

O3epo KarnaOyx BHKOPHUCTOBYETHCS SIK OCHOBHE JKEPENIO 3POIICHHS U TPhOX JEpiKaBHUX
cucrem — CyBopiBcbKkoi, [3mainbcpkoi Ta Kucnunpkoi (B Munynomy KipoBcbkoi) 3polryBaibHUX
cuctem (3C) 1 minsHOK Masoro 3pomeHHs (JIM3) Ha muromi 16671 ra. OkpimM mboro BojaMu o3epa
nogaTkoBo 3anoBHroBanucsa JlomriniBebke, Kaminceke, baniBcbke 1 MypaBiiBChKe BOJOCXOBHILA
st 3pomenHs 22063 ra B mexax JlominiBebkoi, TamOynapebkoi, MypasmniBeskoi 1 baniBepkoi 3C
1 mprsirarounx 10 Hux JIM3.

MeTtor0 pobOTH € aHalli3 TiIPOXIMIYHOTO CTaHy 1 OLIHKA SIKOCTI BOJM 3a arpOHOMIYHUMH
KPUTEPisIMH 3a OUTBII TPUALSATUPIYHUHN TIEpio]T OTHOTO 3 03€p, BOJU KOTPOro BUKOPUCTOBYBAIHUCH 1
MIPOJIOBXKYIOTh BUKOPUCTOBYBATHUCS JUISl 3POIICHHS 1 IHIIMX TOCIOJAPChbKUX MOTPeED.

Jns  BupimieHHs pAaHoi mnpoOiemMu 3i0pani 1 oOpoOieHi Marepiaqu  TiIPOXIMIYHUX
criocrepekeHb. OCHOBHI TOKa3HUKH aHIOHHOTO 1 KaTIOHHOTO CKJIaly, MOKa3HUK MiHepaui3anii 1 pH
3BEJICHI 1 OMOcepeKOBaH1 3a KOXHI 1’ATh pokiB 3 1991 mo 2020 poku. OxpemMo HaBeneHi AaHi 3a
2021 pik. [ns OLIHKYU SIKOCTI BOJM MO arpOHOMIYHUM KpUTepisaM Oynu oOpaxoBaHl BCl MOKA3HUKU
32 OCTaHHBOIO METOAMKOI0. B3HaueH1 OCHOBHI NPUYMHU HOTIPIIEHHS SKOCTI BOJIH.

Kurouosi cioBa: sikicTh BOAM, arpOHOMIYHI MOKAa3HUKH, 3pOLIyBajibHa BOJA, MIHEpami3allis,
BOJOMMA.

Crartsa Hagidnia 1o penakmii 3.11.2022

Modern construction and architecture, 2022, no. 2, page 97-103 103


mailto:oleg-med-oggme@ukr.net

BASEMENT AND FOUNDATIONS

UDC 624.137 DOI: 10.31650/2786-6696-2022-2-104-112

LANDSLIDE PROTECTION STRUCTURE IN THE FORM
OF COUNTERFORTS MADE OF BORED PILES

1Osadchy V.S., PhD., Assistant Professor,
ovsl455@gmail.com, ORCID: 0000-0001-8153-8635
LAnisimov K.1., Assistant Professor,
anisimov@ogasa.org.ua, ORCID: 0000-0002-0447-3927
'Baadzhi V.G., Assistant,

baadzhi@ogasa.org.ua, ORCID: 0000-0002-6974-9082
'0dessa State Academy of Civil Engineering and Architecture
4, Didrichson street, Odessa, 65029, Ukraine

Abstract. At present, we are witnessing an intensive urbanization which is also typical for most
regions of Ukraine. As consequence, there is an increase in the anthropogenic pressure on certain
territories that’s why the problem of the development of such phenomena as landslides has become
particularly relevant. The landslides are one of the most common exogenous geological processes
creating environmental and technogenic hazards. The reasons for their activation can be divided into
natural and man-made. The landslide processes of natural origin arise, as a rule, on the coast, on the
slopes of river valleys and in the network of gullies and ravines. The technogenic landslides are
observed in the construction sector, reconstruction and operation of buildings and structures built on a
plot of slopes with difficult engineering and geological conditions. With the aim of preventing the
occurrence of landslides and related emergencies of a man-made and natural nature, it is necessary to
implement economically and environmentally sound anti-landslide measures before the start of
economic development of landslide and landslide hazard areas.

In building on landslide and landslide hazard slopes or on artificial slopes, it is necessary to keep
large masses of soil in stable state. The occurrence and activation of landslides leads to the formation of
unacceptable deformations, disruption of the slope stability as well as the destruction of buildings and
structures. The deformations of buildings and structures located on or near slopes occur from landslide
processes that cannot be stopped by regular landslide prevention works. In these cases, retaining anti-
landslide structures made of bored and cast-in-place piles embedding in stable bedrocks and combined
with reinforced concrete grille are used to protect against the formation of landslides. Such structures are
one of the most optimal, technological and cost-effective methods for stabilizing landslide dislocations.
The choice of the anti-landslide retaining structures type and their location on the slope depends on the
value of the shear stress and its distribution along the slope, the power of the shear rock mass, the
configuration of the slope, the state of shear at the time of building and other factors.

In this work, the main existing structures of transverse and longitudinal retaining pile-type anti-
landslide structures, their advantages and disadvantages, conditions of application were analyzed. As a
result of this, a new design retaining anti-landslide structure with increased loadability and reduced
consumption of materials has been proposed. The landslide protection structure is made in the form of
the counterforts run parallel to the length of the shear slope formed of round bored piles, whose
diameter increases in the direction of shear displacement. While, the piles are laid with their lower ends
in firm grounds and combined from above with reinforced concrete grille of variable height with an
inclination of the bottom surface towards base of slope. This structure is designed to stabilize landslide
hazard and landslide slopes as well as to increase stability of the slopes plots on which buildings and
structures for various purposes are operated, reconstructed and built.

Keywords: slope, sliding surface, landslide protection structure, bored piles, counterfort,
girder grill, "diaphragm wall".
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Introduction. The landslides are among one of the most dangerous exogenous geological
processes. They lead to the destruction of buildings and structures, loss of valuable agricultural
land, damage to roads and railways, death and injury to people. The main natural factors that cause
the landslides development and activation are the geological structure, the hydrogeological
conditions, the lay of the land, the climate, the intensity of nontectonic activity as well as the
technological impact.

On the territory of Ukraine, the greatest spread of landslides was observed in Odessa, Trans
Carpathian, lvano-Frankivsk, Kiev, Chernivtsi, Dnepropetrovsk and other regions. In the Odessa
region, more than 5 thousand landslides were registered and the area of landslide hazard areas
occupies almost 20% of the region’s territory. In recent years, landslides were increasingly taking
place in the territory not only of the city, but also in other settlements of the Odessa region
(Chernomorsk, Sanzhiyka, Fontanka). The abrasion processes and related avalanching-landslide
developments developed on the coast form a threat of destruction of residential and public
buildings, resort complex facilities and communications. The current state of the coast, within
populated areas, requires the urgent application of systematic measures to conduct construction,
reconstruction or repair of landslide prevention structures.

The number of residents of large cities of Ukraine was increasing year by year resulting in the
need to build additional housing, commercial and office space, recreational complexes. In this
context, there is a need for construction development of the plots with complex engineering-
geological conditions on which landslide processes are developed. This leads to the activation
existing and new man-caused landslides. While, it is necessary to solve the issue of ensuring the
stability of large masses of soil by using landslide prevention structures.

The landslide prevention structures of engineering protection include structures perceiving
shear stress of a landslide masses of soil and are designed to increase the coefficient of slope
marginal stability. The main ones are bored piles with or without girder grill, keys that cross the
weakened zone and are fixed in a strong stable base, supporting walls, counter berms, counterforts
as well as anchorages [1]. The choice of the retaining landslide prevention structures type depends
on many factors such as engineering-geological and hydrogeological conditions of the construction
site, the lay of the land, the kind and amount of the operating loads, the power of the shear rock
mass, the state of slope at the time of building, the significance and cost of objects to be protected.
In engineering practice, pile structures laid in firm groundside most widely used as the most
economical and technological. They are optimal for the power of the shear rock mass up to 15-
20 m. With increasing shear depth and increasing value of the shear stress, the construction of such
structures is associated with large amounts of work and significant material consumption.

On the basis of the above, of particular practical interest are new pile-type retaining landslide
prevention structures. And also it must be effective structures with increased loadability and
reduced consumption of materials designed to stabilize landslide hazard and landslide slopes plots.

Analysis of designs of retaining landslide prevention structures made of bored piles. The
retaining landslide prevention structures are used to prevent landslide and avalanching deformations
if it is impossible or economically impractical to use other engineering protection equipment. These
structures, in the landslide prevention system, in many cases (mountainous terrain, urban
development etc.) are the only structures the use of which allows to fix the landslide site or increase
the stability of the slope in a landslide hazard area [2].

One of the most effective landslide prevention structures of engineering protection are
structures made of deep-embedded bored and cast-in-place piles (single-row and multi-row) located
across the landslide masses, laid in a strong underlying layer and combined from above with
reinforced concrete grille. In some cases, it is allowed to use inclined piles and driven piles. The
prefabricated driving piles are used at low shear power and only when they are immersed in pilot
boreholes or by pile pressing method [3, 4].
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The single-row structure made of bored and cast-in-place piles is installed with a relatively
low power of the shear body. It can be made in the form of piles located with a certain step close to
each other (tangential piles) or with an overlap (bored piles). At significant depths of the shear rock
mass, the multi-row structure should be installed. The use of a multi-row structure makes it possible
to significantly improve the structural scheme of landslide prevention structure through the
formation of multi-stable frame in the ground. The distance between the piles and their location on
the slope should exclude flow around and pushing through the ground.

With increasing shear stress, bored piles are affected by large bending moments in value
which leads to increasing the number of piles or their diameters. This results in increased the
volume of drilling operations and material expenditures. It should be noted that both single-row and
multi-row structures don't always work at rotational slips [5]. In the event of exposure of high-
power shear body, extreme horizontal load is transmitted to the piles and Internal forces are
produced for which it is impossible to select reinforcement at selected pile diameter, both in
transverse force and bending moment. As a consequence, the piles do not correspond to ultimate
limit state, namely, to the strength of the pile material.

Recently, anchors that fix the girder grill to the bedrock have been increasingly used as part of
the structures of pile landslide prevention retaining structures [6]. Such pile structures with anchored
girder griller become a few economical than usual pile landslide retaining structures because anchoring
the head of the structure can reduce the number of rows of piles, their diameters and lengths. However,
the mechanism of interaction of elements of pile-anchor structures of landslide prevention structures
has not yet been sufficiently explored. The reliability and safety of such structures is ensured by the
choice of large sizes of structural elements and the use of inflated assurance coefficients [7].

In some cases, when there is marked sliding surface of the shear masses, key-piles can be used
[8, 9]. The keys are used with a relatively low-power of the main deformed horizon and the possibility
of laying in firm bedrocks. The distance between the keys and the depth of embedding in firm
bedrocks are determined by calculations based on the conditions for preventing soil penetration
between the keys. The mark on the top of the keys is determined from the condition of avoiding to
produce "crawling" effect.

In the field of geotechnics, there are also longitudinal retaining structures (deep-laid pile
counterforts) [10] which hold the shear masses by point resistance and side friction. In doing so, the
piles forming the counterforts can be located with a certain step or close to each other and the piles
diameter can increase in the direction of the shear body displacement [11]. The retaining landslide
prevention structures made of counterforts formed by separate piles cannot be used to stabilize deep
landslides because each pile of which the counterfort is made, works as a separate element.

Among the large number of retaining landslide prevention structures types which are protected
by patents and copyright certificates of different countries, it is also possible to highlight vertical walls
laid in the underlying soils of the base and located along the landslide with a decrease in the distance
between adjacent walls. The vertical walls formed by rows of drilling piles and combined with a
reinforced concrete grille and mounted in such a manner that they form separate wedge-like structures
[12]. The disadvantages of these structures can also be attributed to need to install a large number of
piles and the impossibility of their use to hold large in value horizontal loads.

If it is necessary to perceive large shear stresses, separate piles are replaced by bored piles [6]
which are made using the "diaphragm wall" method. The use of the "diaphragm wall" method
allows the use of retaining landslide prevention structures even if there are fluid soils on the slope.
The disadvantage of this structure is that its construction is associated with large amounts of work
and significant material consumption.

Goal and tasks of the study. The goal of the work is to develop an effective landslide
prevention structure, increased loadability and reduced consumption of materials designed to stabilize
landslide hazard and landslide slopes as well as to increase stability of the slopes plots on which
buildings and structures for various purposes are operated, reconstructed and built.
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The desired goal was achieved by solving the following tasks of the study:

— to perform an analysis of designs of pile-type retaining landslide prevention structures;

— to analyze designs of longitudinal retaining structures in form of deep-laid pile counterforts;

— to develop design of landslide prevention structure in the form of counterforts made of
bored piles row;

— to perform numerical modeling of interaction of masses of soil with elements of retaining
structures.

Study methods. The goal of the work was achieved by analyzing existing designs of the pile-
type retaining landslide prevention structures, the results of on-site inspections of landslide and
landslide hazard areas of real slopes of Odessa (on the French Boulevard, on the territory of the
Greek Park, on Dumskaya Square) as well as the results of numerical modeling of interaction of
masses of soil with elements of retaining structures.

Results of the study. The work presents a new design of a pile-type retaining landslide
prevention structure which is made in the form of the counterforts run parallel to the length of the
shear slope. Thus, the counterforts formed of round bored piles, whose diameter increases in the
direction of shear displacement. The bored piles are laid with their lower ends in firm grounds and
combined from above with reinforced concrete grille.

The authors of the article filed applications for useful model patent and invention in Ukraine.
The design of retaining landslide protection structure in the form of counterforts made of bored
piles is shown in Fig. 1-3.

The landslide protection structure is made in the form of counterforts, whose longitudinal
axes are parallel to each other, consisting of bored piles 1 of different diameters, which are installed
in the shear masses of the soil 2, cut through the sliding surface 3 and buried by the lower ends in
stable bedrock 4. The counterforts are combined with each other from above with reinforced
concrete grille 5 of variable height with an inclination of the bottom surface.

1
Fig. 1. Plan of the landslide prevention structure

The landslide prevention structure is being constructed as follows. After execution the works
on clearing and planning the site as well as breakdown and securing the axes of the structure,
drilling wells for bored piles of the largest diameter begins and filling the wells with a concrete
mixture to the full height. Then drilling wells for bored piles of a smaller diameter (through one
diameter) and performing their concreting.

At the next stage, after a set of concrete insignificant strength, starting to drill wells for bored
piles of intermediate diameter with drilling the edges of neighboring piles.
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“ 1
Fig. 2. Cross-section of landslide prevention structure

Other bored piles forming counterforts are arranged in a similar way, whose longitudinal
horizontal axes are parallel to each other and coincide with the direction of shear masses
displacement. The reinforcement is performed after one pile, neighbouring bored piles are still
concrete. It is also possible to reinforce all bored piles with frames of the appropriate shape which
does not prevent further work. The number of piles forming counterforts and their diameters
depends on the specific natural conditions. After manufacturing all bored piles forming
counterforts, starting to install monolithic reinforced concrete grille.

Fig. 3. General view of the landslide prevention structure

The landslide prevention structure works in the following way. When the shear activated, the
shear masses of the soil 2 is displaced towards the counterforts which resist the shear stress by their
point resistance and side friction. As the shear body moves, the ground is pushed into the space between
the counterforts. As a result of the ground compression, additional reactions of counterforts side thrust
appear creating additional forces of friction. The interaction of the ground with the rough side surfaces
of the counterforts leads to an increase in forces of friction. The girder grill of variable height with

108

Modern construction and architecture, 2022, no. 2, page 104-112



BASEMENT AND FOUNDATIONS

inclined bottom surface contributes to the compaction of the ground pushed between the piles and the
appearance of forces of friction along the girder grill bottom surface. The significant forces of friction
combined with compaction of the ground lead to its jamming between the counterforts. After that, row
of counterforts together with the ground operate as a single retaining cement-bound wall.

In order to assess the economic efficiency of the proposed design of the retaining landslide
prevention structure, idealized three-dimensional finite element design schemes were constructed
(Fig. 4, 5) and a numerical experiment was performed. The numerical experiment was implemented
in the licensed geotechnical software package Midas GTS NX. Previously, geometric models were
created in the BricsCAD software package and then imported directly into Midas GTS NX.

The physical and mechanical properties of the grounds making up slope, the geometric profile
and the sliding surface configuration are taken in accordance with the real ground and topographic
conditions that are inherent in the slopes of the Odessa Black Sea coast.

The numerical experiment consisted in determining the stress-strain state of the ground masses
and the coefficient of slope marginal stability for two variants of designs of retaining landslide
prevention structures. In the design schemes, the pile structures and the ground masses are defined as
three-dimensional finite elements. The soil behavior is described by Mohr-Coulomb model. The
strength of ground layer of the disturbed structure is taken equal to 0.5 m. The contact of the ground
with the field elements of landslide prevention structures is carried out via planar interface. The step
and diameters of the piles were selected so that when each of the variants of landslide prevention
structures was used to hold the shear body, the same coefficient of marginal stability were obtained.

Variant 1 (Fig. 4). The design of the landslide prevention structure is made in the form of
counterforts made of bored piles. The diameters of the piles forming the counterforts are 1000, 800
and 600 mm. The length of the piles is assumed to be 23 m, the piles laying depth below the sliding
surface is 6 m. The length of the counterforts is 2.1 m, the step of the counterforts is 2.5 m.

Fig. 4. General view of the design schemes with the landslide prevention
structure in the form of counterforts made of bored piles
with diameter 1000, 800 and 600 mm (variant 1)

Variant 2 (Fig. 5). The landslide prevention structure is made of two rows of bored piles with
diameter of 1000 mm. The length of the piles is assumed to be 23 m, the piles laying depth below
the sliding surface is 6 m. The step of piles and the distance between rows is 2 m.

Modern construction and architecture, 2022, no. 2, page 104-112
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Fig. 5. General view of the design scheme with a landslide prevention
structure consisting of two rows of bored piles
with a diameter of 1000 mm (variant 2)

As a result of determining the stress-strain state in the calculated slope, zones of maximum
shearing strengths were obtained (Fig. 6) on the soil of the disturbed structure and the value of the
coefficient of marginal stability obtained by reduction method (reduction of strength), which was 1.22.

Variant 1 Variant 2

Fig. 6. Zones of maximum shearing strengths
taking into account landslide prevention structures

Based on the results of preliminary calculations, it was found that the use of design of landslide
prevention structure in the form of counterforts made of bored piles (variant 1) with the selected
diameters and step of elements, allows to save on material up to 15.4%. Therefore, the use of the
proposed design also allows to save on the volume of drilling operations.

Conclusions:

1. The choice of the type of retaining landslide prevention structures depends on engineering-
geological and hydrogeological conditions, the topography of the slope, the kind and amount of the
operating loads, the power of the shear rock mass, the significance and cost of objects to be
protected and is performed on the basis of a technical and economic comparison of variants.
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2. The use of retaining landslide prevention structures made of bored piles to stabilize
landslide hazard and landslide slope is advisable when there is marked sliding surface and there is
below the deformation zone of firm and stable grounds in which retaining elements can be laid.

3. The work presents a new design retaining anti-landslide structure with increased loadability
and reduced consumption of materials has been proposed.

4. The design of landslide protection structure in the form of counterforts made of bored piles
is intended for stabilize landslide hazard and landslide slopes as well as to increase stability of the
slopes plots on which buildings and structures for various purposes are operated, reconstructed and
built.

5. The step of the counterforts and the diameter of the bored piles that form them are
determined depending on the value of the shear stress and the physical and mechanical properties of
the grounds in the alignment of the structure, taking into account preventing ground penetration
between the counterforts.

6. Based on the results of preliminary calculations, it was found that the use of design of
landslide prevention structure in the form of counterforts made of bored piles with the selected
diameters and step of elements, allows to save on material up to 15.4% in comparison with the
design made in the form of two rows of bored piles.

7. The calculation methodology and recommendations for the design of landslide prevention
structures in the form of counterforts made of bored piles can be developed after conducting
experimental studies and numerical modeling of the interaction of elements of structure with the
ground masses at different diameters and number of piles as well as the distance between the
counterforts.
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IMPOTU3CYBHA CHHOPYJA Y BUI'JIAAI KOHTP®OPCIB 3 BYPOCIYHHUX ITAJIb
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Y00ecora deporcasHa akademisi OyOiBHUYMBA Ma apXimekmypu
Byn. [Hinpixcona, 4, M. Oneca, 65029, Ykpaina

AHoTauisi. B nanuii yac y CBITI criocTepiraeTbcs iHTEHCHMBHA ypOaHi3allis, 1o XapakTepHa 1 s
OLTBIIOCT] perioHiB YKpaiHu. Sk HAacIiIOK, BiIOYBA€THCS 301IBIICHHS! aHTPOIIOI€HHOTO HABAaHTAKEHHS
Ha OKpeMi TepPHUTOpii, Yepe3 M0 OCOOJIMBY aKTYaIbHICTh Ha0ysa mpoOieMa PO3BUTKY TAKHX SIBUII] SIK
3CyBU. 3CYBH € OIHUM 3 HAWUMOIIMPEHINIMX EK30TeHHHX T'COJIOTIYHMX TPOIECIB, SIKI CTBOPIOIOTH
€KOJIOTIYHY Ta TEXHOTeHHY HeOe3meky. Ilpuumam X akTuBizalii MOXKHA MOAUTUTH Ha MPHUPOJIHI Ta
TEXHOTeHHi. 3CyBHI TPOIECH TMPHUPOTHOTO IMOXOMKEHHS BHHHMKAIOTH, SIK TPABWIIO, HA MOPCHKOMY
y30epeicKi, Ha CXHiax pPIYKOBUX JOIUH Ta B SPY)KHO-OAIKOBHUX Mepexkax. T[eXHOreHHI 3CyBH
CIIOCTEPIratoThCS MPU OYAIBHHUIITBI, PEKOHCTPYKIIT Ta eKCIUTyaTallii OyIiBenb 1 COpy/l, MO 3BOAATHCS
Ha JUISIHKAaX CXWIIB 31 CKJIaJHUMHU 1H)XKEHEPHO-TEOJONYHUMH YyMOBAaMHU. 3 METOI0 3aroOiraHHs
BUHUKHEHHIO 3CYBIB Ta IOB'S3aHMX 3 HUMH HAJ3BUYAHMX CHUTYaIliii TEXHOT€HHOTO 1 MPUPOIHOTO
XapakTepy HEeoOXiTHO 31MCHIOBATH €KOHOMIYHO Ta €KOJIOTIYHO OOIPYHTOBaHI MPOTHU3CYBHI 3aXOAU
nepe]] OYaTKOM I'OCTIOIAPCHKOTO OCBOEHHS 3CYBHHX Ta 3CYBOHEOE3MEYHNX TEPUTOPIHL.

IIpu OymiBHUITBI HA 3CYBHUX Ta 3CYBOHEOE3MEUHUX CXMIaxX ad0 IITYYHHX YKOCAX JOBOJHUTHCS
YTPUMYBaTH y CTIHKOMY CTaHi BEJIHMKI MAaCHUBH IPYHTY. BUHHKHEHHS 1 aKkTHBi3allisi 3CyBiB Bene 10
YTBOPEHHSI HENPUITYCTUMHUX JedopMalliii, MOpPYLIEHHS CTIHKOCTI CXWIy, a TaKoX pyHHYBaHHS
Oynisens Ta cropyn. Jedopmarii OyaiBens Ta cropys, IO po3TaloBaHi Ha cxmiax abo Ol HHX,
BiZIOYBAlOTbCS BiJl TAaKUX 3CYBHHX IPOLECIB, SIKI HEMOXIMBO 3YIMHHUTH 32 JIOIIOMOTOI0 3BHYAMHUX
MPOTU3CYBHHUX 3aXOMAiB. Y [MX BHIAAKAX IS 3aXHUCTY BiJ] YTBOPEHHS 3CYBIB 3aCTOCOBYIOTHCS
YTPUMYIOUi IPOTU3CYBHI KOHCTPYKIIii 3 OypOHAOMBHUX Mab, 3 3aKJIa/ICHHSIM B CTIKI KOPIHHI TOPOIH
Ta 00'€qHaH1 3a/11300€TOHHUM pOCTBEpKOM. Takl CIOpyau € OJHUMH 3 HAWOUIbII ONTUMAJIbHHX,
TEXHOJIOTIYHUX 1 EKOHOMIYHO e(EeKTHBHMX METOJIB cralumizamii 3CyBHHMX 3MillleHb. BuOGip Tuy
YTPUMYIOUHMX HPOTU3CYBHHUX CIOPYJ 1 Micls X pO3TalllyBaHHS HAa CXWJI 3aJIeKUTh Bl BEIMYUHU
3CYBHOT'O THCKY 1 HOrO pO3MOJUTY Y3/I0BK CXHITY, TIOTY’KHOCTI 3CYBHOI TOBIIi, KOH(DIrypauii cxuiy,
CTaHy 3CyBY Ha MOMEHT Oy/IBHULITBA Ta IHIIMX (PAKTOPIB.

B po6oTi mpoaHani3oBaHi OCHOBHI 3 ICHYIOUMX KOHCTPYKLIH HONEPEeYHHX Ta IMO3JIOBXKHIX
YTPUMYIOUHX MPOTU3CYBHHX CIIOPY/ MaTbOBOTO THITY, X IEPEBaru i HeIOMiKH, YMOBU 3aCTOCYBAHHSI.
B pesynabTaTi 11bOr0, 3ampoNOHOBAHA HOBAa KOHCTPYKIiS YTPUMYIOUOi MPOTU3CYBHOI CIIOPYAU
MIJBUIIIEHOT HECYYOi 37aTHOCTI Ta 3HMKEHOT MaTepianoMicTkocTi. [IpoTu3cyBHa criopya BUKOHaHA Y
BUTJISII MapajielbHUX JOBXKUHI 3CYBHOTO CXMJIy KOHTP(OPCIB, 110 YTBOPEHI 3 KPYIJUX OYpOCIYHUX
nasb, JlaMeTp SKUX 30UIbLIYEThCS B HANpPSMKY NepeMilieHHs 3cyBy. [Ipu mpoMy mami 3akiajeHi
HIDKHIMU KIHIPIMUA y CTIMKI IpyHTH Ta 00’€[JHaHI 3BepXy 3ajli300€TOHHHUM POCTBEPKOM 3MIHHOI
BHUCOTH, 3 IOXWJIOM HI)KHBOI TpaHi y OIK mifomBH cxuiy. Ll KOHCTpyKiis Hpu3HadyeHa JUIs
ctabimizallii 3cCyBOHEOE3MEYHUX Ta 3CYBHUX CXHIIIB, a TAKOX MiJBUIIEHHS CTIMKOCTI JUISHOK CXUJIIB,
Ha SIKMX eKCILUTyaTYIOThCSI, PEKOHCTPYIOIOTHCS Ta OyAYIOThCS OYIiBIII 1 CIOPYAH PI3HOTO MPU3HAUEHHS.

KirouoBi cioBa: cxui, NOBEepXHs KOB3aHHs, NPOTH3CYBHa CIOpyJa, OypocCidyHi maini,
KOHTP(}OPC, POCTBEPK, «CTIHA Y TPYHTI.

Cratts Hagiiinuia 1o penakmii 27.10.2022
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Abstract. The known constructive and technological solutions of enclosing constructions of
buildings in fixed formwork with the use of qualitative, quantitative and general analysis are analyzed.
Selected quantitative indicators, such as wall thickness, weight of 1 m? of wall, heat transfer resistance,
area of premises, cost, durability, tendency to shrinkage. Qualitative indicators were used: resistance to
the sun, mold, fertilization and destruction, features of delivery of building materials.

The method of multicriteria analysis is used to evaluate new structural and technological
solutions of fencing structures and determine the most effective technologies. Categories of various
constructive-technological decisions in a fixed timbering on the basis of economic consideration of
modeling are considered.

Such modern constructive-technological decisions of enclosing constructions in a fixed timbering
are selected for comparison, as: expanded polystyrene blocks; blocks with wall alignment system;
polystyrene concrete blocks; concrete blocks; blocks of cement-chip material; large panels made of
expanded polystyrene; three-layer reinforced expanded polystyrene panels; cement particle boards;
concrete slabs; frame-monolithic formwork with cement-chipboard cladding; frame-monolithic
formwork with cladding of glass-magnesium plates and technology according to the patent UA 149402.

The new design and technological solution, which has been developed and patented, is a
combination of modern materials that are of great interest and demand to consumers, such as light
steel thin-walled structures and expanded polystyrene concrete.

The evaluation of technological solutions by quantitative criteria on a ten-point scale, where the
minimum and maximum values are assigned points 1 and 10, respectively. Graphical modeling of the
summary variants, which are equalized, is performed, and the corresponding diagrams are constructed.

Keywords: structural and technological solutions, enclosing structures, multicriteria analysis,
non-removable formwork.

Introduction. Individual houses occupy the second line in the housing rating, primarily due to
the competitive price and tangible advantages of such a purchase compared to apartments.
Fundamental changes have taken place in the field of thermal protection of buildings over the past
decades. With the update of normative documents on thermal insulation of buildings, the map of
temperature zones of Ukraine has changed — the number of these zones has been reduced from 4 to 2.
Thus, the indicators of the minimum permissible value of heat transfer resistance have increased.
Therefore, there was a need to research new economical structural and technological solutions for
erecting enclosing structures of low-rise buildings in fixed formwork with high thermal performance.

Energy efficiency in residential construction is a set of measures aimed at reducing the
building's energy consumption. The solution to the task of choosing an economic variant of the
structural-technological solution for erecting the enclosing structures of low-rise buildings in fixed
formwork will help to saturate the housing market with the availability of budget cottages with high
heat-technical characteristics.
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One of such structural and technological solutions is frame construction in fixed formwork.
Light steel thin-walled constructions and polystyrene foam concrete are of great interest and
demand among consumers of construction products. However, in modern literature there are no
recommendations for determining effective construction solutions for erecting buildings from
polystyrene foam concrete in a fixed frame formwork. Completing the task of choosing an effective
solution for the construction of buildings will allow solving the issues of modern construction,
directly related to the problem of energy and resource conservation.

Analysis of research and publications. Low-rise buildings are becoming popular due to the
following advantages:

— high speed of construction and minimization of risks, the house is built faster, because there
is a small volume of work and a simplified registration procedure;

— ecology and comfort, low-rise buildings are mainly built far from industrial, urban areas,
closer to nature and minimum noise;

— there is more free space near the house for recreation areas, for walks and games with
children, there is an opportunity to arrange a terrace or an outdoor recreation area, your own flower
bed, a small garden;

— increased privacy, life in a low-rise complex is confidential [1-4].

One of the ways to solve the housing problem is the active expansion of the construction of
low-rise, quickly built energy-saving houses made of highly efficient modern building materials. For
the quick construction of such housing, it is advisable to use light construction technologies that do
not require heavy equipment and expensive mechanisms and devices. Fast construction will also be
significantly facilitated by the dry construction method (without wet technological processes).

Significant savings on heating costs have always been a very important indicator when buying
houses. Quickly constructed low-rise residential buildings (1-3 floors) can be divided into frame
(with a metal or wooden frame), frame-panel, panel and modular. It is worth noting that the
construction of such buildings, in addition to speed and cost savings, prioritizes the environmental
friendliness of buildings and the health of their residents [2].

Economic affordability is the ability to freely choose and buy housing that is affordable and
inexpensive to operate; the ability to renew, characterized by flexible planning solutions that allow
for economically rational reconstruction and modernization, due to which the service life of the
house is significantly extended; compliance with market requirements by satisfying people's needs,
taking into account changes in demographic conditions and purchasing habits of the population [3].
Especially in low-rise construction, non-removable formwork is used for enclosing structures [4-10].

Purpose and tasks. To analyze the known constructive and technological solutions of enclosing
structures of buildings in fixed formwork. Compare known solutions with the developed new solution
using multi-criteria analysis and determine the most effective of them.

Research materials and methodology. Modern structural and technological solutions of
enclosing structures in fixed formwork [4-10] and the developed solution [11] are presented in the
form of a classification (Fig. 1).

From them, 12 technologies for erecting fencing structures in fixed formwork were selected
for comparison, namely:

. Styrofoam blocks.

. Styrofoam blocks with wall leveling system.

. Blocks made of polystyrene concrete.

. Concrete blocks.

. Blocks made of cement-chip material with foam polystyrene inserts.

. Large-sized polystyrene foam panels.

. Three-layer reinforced polystyrene panels.

. Cement chipboards.

. Concrete slabs with a decorative coating.

10. Frame-monolithic formwork with cladding with cement chipboards.
11. Frame-monolithic formwork with cladding of glass-magnesium plates.
12. Constructive and technological solution according to the patent [11].
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The peculiarity of the developed solution is the installation, which is carried out easily and
quickly, allowing to shorten the construction period, excluding the use of special machinery and
equipment, which allows to reduce the cost of construction. Also, the cost of transportation of frame
elements is reduced due to the lightness of structures and the linear shape of LSTS parts (light steel thin-
walled structures) in comparison with traditional fittings, which enables compact packaging. Thanks to
the LSTS frame, high stability is ensured not only during the pouring of polystyrene foam concrete, but
also during further work.

Polystyrene concrete acts as an effective heat-insulating material. This is a light version of the
traditional classic cement mortar, in which the heavy sand filler is replaced by a light polymer, as a
result of which not only the weight of concrete structures is significantly lightened, but also an
excellent thermal insulation material is created. It has high heat (depending on the brand of the
mixture, A is from 0.052 to 0.1 W/MKk) and sound insulation (at 500 Hz and a thickness of 5 cm is 13
dB) properties and sufficient vapor permeability (u 8.5).

Due to the specially selected composition and physical properties of the polystyrene foam concrete
mixture, namely plasticity, it is possible to concrete the wall structure for the entire floor at once, without
additional technological operations to compact the concrete mixture, and the frame made of LSTS
profiles prevents the expansion of the fixed formwork made of cement chipboards. Such a wall structure
has the possibility of using various types and methods of finishing, from plaster to a hinged facade.

When choosing, the requirements of requlatory documents and the popularity of technologies
among the population were taken into account. In order to make the optimal decision regarding the choice
of structural and technological solutions of fixed formwork, it is first important to determine which
characteristics will be the main ones. They can be economic, technical, environmental, social or other.

The proposed system of multi-criteria analysis for evaluating structural and technological
solutions allows to characterize not only quantitative but also qualitative parameters. That is, a
distinctive feature of multi-criteria analysis is the presence of several groups of criteria, each of
which allows to describe in sufficient detail a specific structural and technological solution of fixed
formwork, analyzing information sources.

Selection criteria can be: manufacturability, cost and construction time. Factors such as
thermal insulation properties, resistance to external weather factors, reliability, durability,
environmental friendliness, speed of construction, strength and weight characteristics of materials
and the finished structure play an important role in this complex selection process. An equally
important indicator before the construction of the object is the determination of the cost per square
meter of the selected structural and technological solution of the fencing structures.

Based on the search for relevant information about the selected structural and technological
solutions and for choosing the most effective of them, the following most significant evaluation
criteria were adopted:

Quantitative:

» thickness of all layers of the structural and technological solution, taking into account heat
transfer resistance, mm;

* the mass of all layers of the structural and technological solution 1 mz, kog;

* the area of the gremises, which is formed when the external dimensions of the buildings are
10 m wide and long, m*;

» the cost of a constructive and technological solution;

» durability according to regulatory documents and literary sources, years;

» probability of shrinkage according to regulatory documents and literary sources, %.

Qualitative:

* prevention of decay and destruction.

Based on the analysis of information sources [1-10] and calculations of heat transfer
resistance [12, 13], the thickness of enclosing structures, cost estimates of the cost of 1m? of erecting
enclosing structures, a comparison table of structural and technological solutions according to the
selected criteria was compiled. Quantitative evaluations of the criteria are given from real-time
measuring devices into a single point scale. The evaluation of technologies according to quantitative
criteria was carried out on a ten-point scale, in which 1 point is the minimum, and 10 is the maximum
value, respectively. The rest of the points are obtained by interpolation.

Structural and technological solutions of fencing structures in fixed formwork, criteria and points
assigned to them are presented in the Table. 1.
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In points
m Thickness, mm
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Fig. 2. Comparison of structural and technological solutions by points in the summary diagram
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Analyzing the consolidated table (Table 1) of the selected structural and technological solutions,
it can be seen that such a criterion as heat transfer resistance may not be considered in the future,
because it corresponds to the normative value established for the Il temperature zone Rgpin= 2,8
m?-S/W, in all cases. The rest of the criteria are important when choosing a structural and technological
solution for the enclosing structures of buildings in fixed formwork and were used in the subsequent
comparison.

Considering the selected structural and technological solutions in the consolidated table (Table 1)
and the consolidated diagram (Fig. 2), we can say that the most ineffective solution is cement
chipboard with a wall thickness of 640 mm and a weight of 560 kg/m?.

One of the main criteria is the mass of materials, which affects the cost of their delivery and
the need to use additional equipment for unloading at the construction site. Also, such structural and
technological solutions in fixed formwork have an additional load on the foundation.

An important advantage of modern houses is a significant increase in the usable area of the
house due to a noticeable decrease in the thickness of the load-bearing walls. This advantage is
especially noticeable during private construction, when the cost of the land plot is quite high.
According to these criteria, in the future, we will not use constructive solution 8 "Cement
chipboards” (Table 1) for selection. The rest of the structural and technological decisions in the
fixed formwork are taken for further analysis with the help of summary diagrams.

The criterion of durability is the leading parameter of structural and technological solutions,
which affects the quality of load-bearing structural elements (foundation and walls). During the
entire life of the building, they are subject to maintenance and repair. The periodicity of these works
depends on the durability of the materials from which the building structures are made, the impact
of the environment and other factors.

Grouped constructive and technological solutions according to the qualitative criterion of
preventing decay and destruction and comparing their technological indicators according to
durability (Fig. 3), evaluated in points.
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Fig. 3. Diagram of comparison of structural and technological solutions according to the criteria of
durability and resistance to decay and destruction
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Looking at the comparison diagram of structural and technological solutions according to the
criterion of durability (Fig. 3), it is obvious that the non-removable formwork Technoblok has the
lowest operational qualities. In the constructive and technological solution, Technoblok uses
moisture-resistant plywood as one of the internal structural elements, which requires one-time
treatment of the material with special mixtures (due to its physical properties), which reduces its
service life. In addition, the cost of 1m? of wall according to this solution is UAH 3.738, which,
compared to other options, is more than average. Therefore, constructive solution 9 (Table 1) was
not taken into account in the future.

The rest of the structural and technological solutions are grouped according to the criteria of
thickness and weight of the options, which respectively affect the choice of the foundation base (Fig. 4).

Analyzing the resulting diagram (Fig. 4), it can be seen that polystyrene concrete blocks,
blocks made of cement-tape material, fixed formwork "SOTA", cement-chipboards and frame-
monolithic formwork have a significant thickness of the finished wall structure. Therefore, solutions
3,4,7,8,10, 11 will not be taken into account in the future (Table 1).

The main of the selected criteria is the cost per 1 m* of the fencing structure, then we will
consider the rest of the solutions according to this criterion (Fig. 5).

The diagram (Fig. 5) shows that the most expensive solutions among structural and
technological solutions in fixed formwork are the following options: polystyrene blocks, TIBE and
"Plastbau”. Therefore, 12 solutions remain (Table 1).
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Fig. 4. Comparison diagram of structural and technological solutions in fixed formwork according
to the criteria of their mass and thickness

According to the results of a comparative analysis of the structural and technological solutions of
the enclosing structures of buildings in fixed formwork, the most effective is the solution according to
the UA patent No. 149402 "Wall of the building™ [11] with the following indicators: the cost of
erecting 1 m? of the enclosing structure is UAH 2.445. The thickness is 330 mm and the weight is 390
kg, which provides 11% more usable area of internal premises compared to fixed formwork from
blocks, with building dimensions of 10x10 m and a weight reduction of more than 1.5 times compared
to frame-monolithic options. The heat transfer resistance is provided at the level of 3.1 m? C/W, which
is higher than the normatively established 2.8 m?-C/W for the II climate zone. Also, one of the
advantages of the developed solution is the possibility of carrying out construction work at any time of
the year, ensuring resistance to moisture, mold and fungal damage to the walls.
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In points:
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Fig. 5. Diagram of comparison of structural and technological solutions according to the cost
criterion

For further research, a decision was made according to the patent [11], which provides not
only heat-technical characteristics, but also economic ones.

Summary:

1. Comparison of the patented solution with 11 known solutions based on 8 criteria using
Excel's "pivot tables and charts" tools, showing its advantages.

2. In order to further conduct the research, a solution developed under the UA patent No.
149402 "Wall of the building"” was adopted.
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OLIHKA HOBOI'O KOHCTPYKTUBHO-TEXHOJIOI'TYHOT'O PILNEHHS
OI'OPOJ’KYBAJIBHOI KOHCTPYKIIII B HE3HIMHIN OITAJIYBII
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Y0oecvia depoicasna akademis OyOieHUYMBEa ma apximexmypu
ByIL. Jlinmpixcona, 4, M. Ogeca, 65029, Ykpaina

AHoTAauis. [IpoanamnizoBani BiZIOMi KOHCTPYKTHBHO-TEXHOJIOT14HI pitieHHs
OTOPOIKYBAJIbHUX KOHCTPYKIiIN OyaiBeah B HE3HIMHINA omanyOlli 3 BHUKOPUCTAHHSM SKICHOTO,
KUTPKICHOTO Ta 3araJibHOro aHaiizy. BuOpaHi KinbKiCHI MOKa3HUKH, Taki sIK TOBIIMHA CTiH, Bara |
M crinm, omip Temionepeaayl, IUIOMIA MPUMIIIEHb, BapTiCTh, JOBIFOBIYHICTb, CXHWJIBHICTH MO
ycaaku. BUKOpUCTOBYBaIUCS SKICHI MOKAa3HUKHU: CTIMKICTh 1O COHIS, IUTICHSBH, THOIOBAHHS Ta
pyHHYBaHHS, 0COOJIMBOCTI JOCTaBKHU Oy/1IBEIbHUX MaTepialiB.

Bukopucranuii Meto]1 6araTOKpUTEpialbHOTO aHaji3y AJS OLIIHKKM HOBOTO KOHCTPYKTHBHO-
TEXHOJIOTIYHI PIlIEHHS OTrOpO/UKYBAJIBHUX KOHCTPYKLIH Ta BHU3HAYCHHsS HaMOLIbII e(peKTHBHUX
TexHoJorii. Po3risHyTi Kareropii pi3HMX KOHCTPYKTUBHO-TEXHOJIOTIYHUX pIIIEHb B HE3HIMHIM
ornanxyOLi Ha OCHOBI €KOHOMIYHOTO PO3IJIAYy MOJIEIIFOBAHHS.

[Tigibpano st 3piBHSAHHS Takl CY4acHI  KOHCTPYKTHBHO-TEXHOJIOTIUHI  PIIIEHHS
OTOPOJKYBAJILHUX KOHCTPYKIIH B HE3HIMHINA omamyOIll, SK: ITHOJOJICTUPOILHI OJOKH; OJI0KHU 3
CHCTEMOIO BHUPIBHIOBAHHS CTIiH; OJOKH 3 HOJICTUPOIOETOHY; OSTOHHI OJIOKM; OJOKH 3 IIEMEHTHO-
CTPYKKOBOIO MaTepialy; BEIMKOPO3MIPHI ITaHesl 3 MIHOMOJICTUPOJIY;, TPHIIApOBl apMoOBaHi
MMHOIIOJICTHPONBHI IaHeN; LEMEHTHO-CTPYKKOB1 IINTH; OETOHHI IIIUTH, KapKacHO-MOHOJITHA
onajiyoka 3 OOIIMBKOIO IIEMEHTHO-CTPY)KKOBUMHU IUIMTaMH;, KapKaCHO-MOHOJIITHA OmajyOka 3
OOIIMBKOIO CKJIOMAarHi€BUMHU ITUTAMH Ta TeXHOJOT1s 3a marenToM UA 149402.

HoBe KOHCTPYKTHBHO-TE€XHOJIOTIYHE pILIEHHS, $KE pPO3pOOJIEHO Ta 3alaTeHTOBAHO, €
MOETHAHHSAM Cy4yacHIM MaTepiajiB, sKi BHUKJIMKAIOTh BEJIMKUN 1HTEpec 1 3aTpe0yBaHICTh Y
CMOKMBAYiB, TakKi SIK JIETKI CTaJbHI TOHKOCTIHHI KOHCTPYKIIi Ta MiHOMOMICTUPOIOETOH.

IpoBeseHa oriHKa TEXHOJOTIYHUX PIllIeHb 38 KUTbKICHUIMH KPUTEPLSIMH 32 IECSATHOATBHOIO IIKAJIOHO,
B SIKIM 3a MiHIMaJIbHE 3HAUYEHHS MPUCBOEHO 1 Oan Ta 3a MakcuMasbHe 3HaueHHd — 10 OaiiB. BukonaHo
rpagidHe MOJIETIOBAHHS BapiaHTIB 3BEJICHHSI, sIK1 3pIBHIOIOTHCS, Ta TIOOY/I0BaH1 BiOBI/IHI JiarpamMH.

KurouoBi cioBa: KOHCTPYKTHMBHO-TEXHOJIOTTYHI PIIICHHS, OTOPOJKYBallbHI KOHCTPYKIIII,
OaraTokpuTepiaTbHUN aHaAI3, HE3HIMHA omaayOKa.

Cratta Haaidnuia 1o penakuii 23.11.2022
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BUMOTH JIO O®POPMJIEHHS CTATEH
y 301pHUKY HAYKOBHUX ITpallb
“CyuacHe OyJiBHHIITBO Ta apXiTeKrypa”

Jlo onyOmikyBaHHS y (axoBiii 30ipli HAyKOBHX Mpalb  HPUHAMAIOTbCA paHille He
oIry0OJIiIKOBaHI HAyKOBI CTATTI, 13 3a3HAYCHOIO HIDKUE TEMATHKOK My0 TiKamiii:

1. Apxitekrypa.

2. ByniBenbHI KOHCTPYKIIIi.

3. ByniBenbHI MaTepiaiu Ta TEXHOJOTII.

4. 'igpoTexHivHe Ta TPaHCTIOPTHE OYIIBHUITBO.

5. ImxenepHi Mepexi Ta 00 HAHHS.

6. OcHOBH Ta HyHIAMEHTH.

7. TexHozorist Ta oprasizaisi Oy iBeJIbHOTO BUPOOHHIITBA.

CrarTs IOBHHHA BiANOBiaTH TeMaTHLi 30ipHUKA, NYy0JiKyBaTHCS BIIepLIe | BKIKYATH TaKi
eJIEeMEeHTH:

* aKTYaJbHICTh Ta IMOCTAHOBKY NMPOOJIEMHU Y 3arallbHOMY BHUTJISAL, 11 3B'SI30K 13 BaKJIUBUMH
HAYKOBUMH YH NMPAKTHYHUMHU 33aBJAHHIMU;

* aHAI3 OCTaHHIX JOCHIKEHb 1 MyOmiKamii, y SKHX TNpPEACTaBICHO BUPIMICHHS IaHOi
nmpoOjeMrd 1 Ha SKi CIUPAEThCSA aBTOP; BUILICHHS HEBUPINICHUX paHIIIE YacTHH 3arajibHOl
poOJIeMH, STKUM TPUCBSIIYETHCS 1aHa CTATTS;

* (opmymroBaHHS 1€ cTaTTi (IOCTAHOBKA 3aBJaHHS);

* BHUKJAJ OCHOBHOI'O MaTepialxy JOCTI[DKCHHS 3 IMOBHUM OOTPYHTYBAHHSM OTPUMaHHX
HAYKOBUX PE3YJIbTATIB;

* BUCHOBKH 3 JIAHOT'O JIOCITI/KEHHSI 1 TIEPCIIEKTHUBY MOIATIBIIIOTO PO3BUTKY Y IAHOMY HATIPSIMKY;

* CIIMCOK JIiITepaTypH.

3araJjbHi BEUMOTH 10 0()OPMJICHHS TEKCTY

CratTi moJatoThCs B eNeKTpoHHOMY BUrisiai dainom Word 97 — 2003 B ¢opmari .doc. Ha3sa
¢aily Mae MICTUTM HOMEp TEMaTHKM IyOuikaiii Ta Mpi3BUILNE MEpUIOro aBTopa (HampukiIaa, S5
IBanoB.doc).

CraTTi IoAarThCsl YKPaiHCHKOIO UM aHTJIICHKOI0 MOBOIO 1 APYKYIOTHCSI MOBOIO OpHUTiHATY.

TekcroBa 4acTMHA CTAaTTi HaOWpaeThesi Ha apkymax Qopmary A4 mpudrom Times New
Roman 12 nt yepe3 onuHapHuUil iHTEpBaJl, BUPIBHIOETHCS MO IIUPUHI CTOPIHKH, MOJIS IO 2 CM 3 YCIX
60kiB, ab3arHuii Biactyn — 1,0 cm. O0csr cratTi 7-10 noBHUX CTOPiHOK pa3oM 3 aHOTALIAMMU.

Crpykrypa crarri:

— indexkc YJ/IK (BUpIBHAHO IO JiBOMYy Kpatro Oe3 a03alHOro BiJICTYyNy, HpPONHMCHUM,
HaMBXUPHUN);

— Hazea cmammi (BIALEHTPOBaHa, yci JITEpHd NPOMMCHI, HAMIBXUPHI, HEPEHOCH He
JIOTTYCKaIOThCA);

— npizeuwe, inHiyianu 6cix aemopis, HAyKoGUil cMyniHv, é4eHe 36aHHsa (BUPIBHSHO IO
paBOMY Kparo, MPIi3BHUIIE — HAIIBXUPHUHN; CTYIIHb 1 3BaHHS — PSIIKOBHIA);

— NO6HA HA364 GUWLO20 HABGUAIbLHOZ0 3AK1Ady uu opzauizayii (KypcuB, BHUPIBHSHO IO
MPaBOMY KParo; SKIIO aBTOPH 3 PI3HUX HABYAIBHHX 3aKJIAIiB, TO KOXKEH aBTOP 3 OKPEMOTO PSIKA);
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— enekmpona nowma (BUPIBHSIHO 1O IPAaBOMY Kparo Ta nopsia yHikanbauit Homep ORCID);

— anomauyii 0o cmammi (ab3aIHUI BiACTYI, Ha3Ba HAIIBKUPHA, aHOTAIlii MHUIITYTHCSA JIBOMA
MOBaMU: YKPATHCHKOIO 1 aHTIIHCHKOIO.

Texct nepioi aHoTaLiT NTUILIETHCS MOBOIO OCHOBHOI'O TEKCTY CTAaTTi. AHOTAllisl BUPIBHIOETHCSA
110 IMPHUHI CTOPIHKYU Ta MHUIIEThCs 00csiroM He MeHie 1800 3HaKiB).

Texcr gpyroi aHoTallli, SKIIO BUAAHHS HE € IOBHICTIO aHTJIOMOBHHM, KOXKHA ITyOJIKAaIlls He
AHTJIIHCHKOI0 MOBOIO CYITPOBOKYETHCS aHOTAIIIE€I0 aHITIMCHKOI0 MOBOIO 00csiroM He MeHmn sik 1800
3HAKIB. SIKII0 BUJaHHA HE € MOBHICTIO YKPaiHOMOBHUM, KOKHA ITyOJIKaIlis HE YKPAiHCHKOIO MOBOIO
CYIPOBOJDKYETHCS AHOTAIIEI0 YKPATHCHKOIO MOBOKO 00csroM He MeHm sik 1800 3makiB. [[pyra
aHOTAITisl PO3MIIITYETHCS B KIHII CTATTI MICIISI CIIUCKY JITepaTypH Ha aHTJIHCHKii MOBI.

JIBi aHOTAIlii HOBUHHI KOPOTKO IMOBTOPIOBATU CTPYKTYPY CTATTi, IO BKIIIOYAE BBEACHHS, LiJIb,
METOAMKY, pe3yJbTaTH, BACHOBOK. MalllMHHUI [IepeKyal He 103BOJIAEThCS.

— Kawuoei croea (MDKPSIKOBHI 1HTEpBan He pOOUTHCS, al3alHMW BIJICTYIN, Ha3Ba
HaIBKHUPHA, TEKCT KJIOYOBHUX CIIiB HE Oibine 6—8 CIIiB).

Hasga crari, npi3Buie i iHiliany, HAYKOBUH CTYyIiHb, BYCHE 3BaHHA, MicIle poOOTH, aHOTAITis
1 KJIFOUOBI CJI0BA — IOBTOPIOIOTHCS YKPATHCHKOIO Ta AHIUIIHCHKOK MOBaMH.

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

— OcHOGHUIl mexcm cmammi.

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

— BCTyn (IIOCTaHOBKAa NpOOJeMM Y 3arajJlbHOMy BHUIVIAAI Ta ii 3B’SI30K 3 BaKJIMBUMHU
HAYKOBUMH UM NMPAKTHYHUMHU 3aBJJAaHHSIMH );

— aHaJi3 OCTaHHIX JpKepeN JOCHTIKEHb 1 MmyOsikaliid, y SKUX 3all04aTKOBAaHO PO3B’sI3aHHS
npobnemu (OakaHo, mo0 e OyB aHai3 OCTaHHIX myOmikamii y (axoBuX >KypHajax) i Ha fKi
CIIMPAETHCS aBTOP;

— BUJIUJICHHS HE PO3B'A3aHHUX PaHillle YaCTUH 3arajibHOT MPOOJIeMH, SIKUM TIPUCBIIY€ETHCS CTaTTS;

— MOCTaHOBKa 3aBHaHHsS ((HOpMYyNIIOBAaHHS METH Ta METOMIB JOCHIHKEHHS MPOOJIeMH, IO
PO3IIISAAEThCA y CTATTI);

— OCHOBHMH MaTepial 1 pe3yapTaTd (BUKJAJ OCHOBHOI'O MaTepiaily JOCIIPKEHHS 3 MOBHUM
OOI'PYHTYBAHHSIM OTPUMaHUX HAYKOBUX PE3YJbTaTIB);

— BHCHOBKHU (HayKOBa HOBHM3HA, HAYKOBE Ta MPAKTUYHE 3HAUEHHS PE3y/bTaTiB JOCITIKEHHS,
MEPCTIEKTUBH MOAABIINX HAYKOBUX PO3POOJIEHbD);

— Jaimepamypa (BiIEHTPOBaHA, HAlMiBXHMPHA; MOCWJIAHHA B TEKCTI MOAAIOTh y KBaJIPaTHUX
Ay)KKax [2]; CrUCOK JiTepaTypy HaBOJAMTHCS BIAMOBIIHO MOPSJIKY MOCHIaHb y TeKcTi 3rigHo 3 JICTY
8302:2015 Ta 3amucyeThCcsl B CTOBMUMK; HamucaHHs «/[xepena iHdopmanii», «Ilepenik mirepaTypu»
He JIONMyCcKaeThest). bidmiorpadivunuii CricOK HABOIMTHCS MOBOKO OPUTIHATY Ta TPAHCIITEPYETHCS.

— ofioniocpagpiunui cnucox (References). JIns BiATBOpeHHsS YyKpalHCHKHMX BIIACHHX HAa3B
3aco0amMM aHTJIIMChKOT MOBH IpH MEpeKajal MyOJiKaii aHIJIiCHKOI0O MOBOK 3aCTOCOBYETHCS
TpaHchitepauis. HalimenyBaHHs opraHizamiii Ta yCTaHOB, IO HE MEpeKIaJaroThCsl Ha aHIVIHCBKY
MOBY, TaKOX TPaHCIITEPYIOThCS. TpaHcmiTepallis Mpi3BUILl aBTOPIB BUKOHYETHCS 3AJIEKHO Bl MOBU
OpHTriHaNy JpKepena BianoBiaHo 10 BuMor [loctanosu Kabinery MinictpiB Ykpainu Big 27.01.2010 p.
No 55 «IIpo BropsiikyBaHHS TpaHCIITEpallli yKkpaiHChbKOTo andasiTy JJaTUHHIICIO». biGmiorpadiuynuii
CIHMCOK TOBHHEH Oyrtu odopmienuid 3 BukopuctanHsm crtung |EEE STYLE 3rigno 3
«MDKHapOAHUM CTUJIEM LIUTYBaHHS Ta MOCUJIAHHS B HAYKOBUX poboTax», Kuis, 2016.

Tabnuyi cnin BUKoHyBaTH B penakropax Word 6e3 3anuBanHs. KoxkHa Tabmuis mMae OyTH
HaJpyKoBaHa 3 BIJMOBIJHUM 3arojOBKOM Ta HyMEpALI€l0 MICld TMEpIIOro MOCHJIAHHS Ha He.
upuna Tabiuipe HE MOBMHHA INepeBHIYBaTH mojs cropiHkd. IllpudTt B Tabmuii noBUHEH
BIJIOBIAATH WIPUDTY CTATTI.

@opmynu MaroTh OyTH BHKOHaHI B penmakropi ¢opmyn Equation 3.0 un MathType 3
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BUKOPHCTaHHAM TUIbKM 3aranbHonpuitHatux wmpudrie (Times New Roman; Symbol). Koxxna
(dhopMynia HAOUPAETHCS K OAWH 00’ €KT, Hymepallisi popmyi apaObCbKuMH ITUppPaMU CTIpaBa B TyXKKax
BUPIBHSHA 110 IIMPHHI CTOPIHKH.

Pucynku (niarpamu, ¢$oTO), OJAIOTHCA Y YOPHO-O1I0MY BapiaHTi ab0 y rpajaliisx ciporo
KOJIbOPY TICISl MEpUIOro MOCHUJIAHHA Ha HUX; MalTh OyTH 3TpYyNOBaHI Ta SIBISATH COOOI0 OIMH
rpadiyaUil 00’€KT; MaTH HyMepaIllito Ta MiAMUC MO3HAYCHHs OCh KoopauHaT. Po3Mipu mianuciB Ha
pPHUCYHKY NOBHHHI BifnoBigatu mpudrty Times New Roman 12 mr.

Pa3om 3i cTaTTero moganThCs:

— BIJIOMOCTI Mpo aBTOpa (aBTOPChKA JOBIJAKA): Mpi3BHIIE, iM’s, MO OATbKOBI (IIOBHICTIO);
BUCHE 3BaHHs, BUCHUI CTYIiHB; Mocaga, Micie poOOTH; KOHTAKTHI aJpec i TenedoHH; MOIITOBa
azpeca, Ha SIKy HaJCUJIaTH MPUMIPHHK 30ipHUKA

— PpeleH3is Ha CTarTio, SIKIIO aBTOPOM € acmipaHT Oe3 CMiBaBTOPIB 3 BUCHHUM CTYIIEHEM Ta
BYCHUM 3BaHHSIM.

Crarri, IKi He BiANOBiIaI0TH HaBeJJeHUM BUMOIaM, 10 PO3IJIsAY He IPUIHMAIOThCS.

[Tomani Marepiaiy miUIAraroTh 101aTKOBOMY PEIIEH3YBAaHHIO WICHAMHU PEIKOJIErii a00 MPpOBITHIMHU
¢daxiBsIMH 32 HAyKOBHMH HampsMaMH, TOMY MOXYTh OyTH TIOBEpPHEHI aBTOpaM Ha
JOOIPAIIOBaHHSI.

OcTtaroune pilieHHs 1100 MyOsiKalii cTaTTi npuitMae peaakiliiiHa KoJerisi BUJIaHHS.
BinxuneHuii opuriHai He MOBEPTAETHCA.
OmnuaTa 31IHCHIOETBCS TUTBKU TICIIS MIATBEPHKEHHS PUIHSTTS CTATTI 10 JPYKY.

OpienroBana BapTicTh 1 cTopinku 50 rpH. TouHa BapTicTh OyAe BKa3zaHa MiCis NPUHHATTS CTATTI
10 ApyKy. 30ipHUK BUXOAHUTH 4 pa3W Ha PiK MIOKBApTaIbHO, B KIiHIII KOXHOTro KBapramy. Ctarti
HEOOXiTHO HAJICWIIATH J0 | 4Yuciia OCTAaHHBOTO KBapTaly (HAIPHUKIIAM, SKIIO 30ipHUK BUXOIWThH B
KIiHIII YEpBHS, TO CTaTTi MpUAMArOThcs 10 | udepBHs). Ase MpHiioM cTaTeii MOXKe 3aKIHUUTHCH
paHillie BKa3aHOTO TEPMiHY, SKIIO Oy/ie HaOpaHO HEOOXIHY KUIBKICTh CTOPIHOK.

Martepianu HaACHJIATH 32 a/IPecoro:

Penakuist «CyuyacHe OyAIBHHUIITBO Ta apXiTEKTypa»
Opnecbka iep:kaBHaA akajieMis OyJIBHULITBA Ta apXiTEKTYpH,
By JlinpuxcoHa, 4

M. Ogneca, 65029, Ykpaina

KonTaktHa ocoba: Antontok Hazist PomaniBHa

Tein. po6. (048) 70-00-608

e-mail: visnuk_odaba@ogasa.org.ua

Caiit 30ipnuka: http://visnyk-odaba.org.ua/

IInartixkui pexBizuTH:
Hentp HTTM no AB, xox 21028281,
M®O 320478, P/p UA 103204780000026009924861812 B ITAT Ab «Ykprazoank»,

Ipu3nayenns miaarexy: «CydacHe OyaiBHULTBO Ta apXxiTekTypa, [1Ib nepiioro aBropa»

[Ipocumo micnsg BiAmpaBieHHS MarepiajiiB 000B’A3KOBO 3aTenedoHyBaTh abo 3B’sI3aTUCS
€JIEKTPOHHOIO MOIITOIO, 1100 YIIEBHUTHUCS B OTPUMAaHHI MaTepiajiB Ta pillleHH] peAaKiiHoi KoJerii
o010 myOJiKalii cTaTTi.
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