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FEATURES OF THE HARMONIZATION OF VOLUME-SPATIAL ARCHITECTURE OF
MODERN HOUSING IN THE HISTORICAL ENVIRONMENT OF THE POLISH CITY
OF GDANSK

Popovych D.S., postgraduate student,
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Abstract. The Polish city of Gdansk is a rather interesting and special European city in terms
of architectural features of the city's historical development. And after the Second World War,
Polish architects did a great job of restoring the city, preserving the historical architectural heritage
and harmonizing modern architecture in the historical context. This scientific study analyzes the
peculiarities of the reconstruction of the historical districts of the city, the implementation of
international charters, the peculiarities of the historical architecture of the Polish city, and defines
the main architectural styles that are widespread in the historical districts of the city. Three
architectural objects from historical periods are analyzed: Renaissance (the Kamienica
Czirenbergéw-Frederéw building, Baroque (the building at Dtugi Targ Street 20), Classicism (the
building at Mariacka Street 14). The features that combine the architecture are analyzed all three
styles, in this way we determine the features of the historical architecture of the city.

The peculiarities of the harmonization of the facade architecture of modern housing in the
historical buildings of the city of Gdansk are determined. According to our own methodology, we
determine the principles that are most suitable for harmonizing the modern with the historical
during design. An analysis of the built object on Szeroka Street (architect A. Taraszkiewicz) of
modern housing in the historical context is carried out, according to the criteria developed
according to the scheme, such as shape, color scheme, size, balance, facade fabric, proportions of
window and door openings and materials used in construction. As a result of the analysis according
to the criteria, the principles of harmonization, according to which the architecture was formed, are
determined. It discusses the challenges faced in designing and building in the historic district and
how the city government, the public, the client and the architects consolidated their efforts to solve
the complex issues.

Keywords: historical buildings, modern housing in historical buildings, historical architecture
of Gdansk, harmonization.

Introduction. Most large European cities have a valuable and carefully preserved historic center,
where modern buildings may appear from time to time. The emotional tension caused by such projects,
both at the design stage and at the construction stage, reaches the highest level of creative involvement
of the public. Designers, architects and engineers perform their tasks in extremely limited historical
and spatial conditions, and also have technical problems related to the preservation of valuable remains
of historic buildings that can be found on the construction site. These problems were most acute in
cities that suffered significant damage as a result of the war. Such cities include Gdansk, where the
destruction of buildings in the city center during the Second World War reached almost 90% [1].

The historical center of Gdansk was rebuilt in the post-war years, however, this reconstruction
was not a true, literal reconstruction of the pre-war elements. Almost all significant monuments
have been reconstructed, the main lines of the streets have been rebuilt, the city panorama has been
recreated, but at the same time the urban fabric has been radically transformed, adapted to the
requirements of modern urban planning. A residential area has been created in the area of the
historical center of the city. Therefore, during the reconstruction, the main emphasis was placed on

Modern construction and architecture, 2023, no. 4, page 7-13


mailto:popovych.ds@gmail.com

ARCHITECTURE

residential construction, which makes up a large part of the fabric of this new — and at the same time
old — urban organism. Architecturally, the reconstruction of Gdansk was a fascinating combination
of modernism, socialist realism and historical heritage [2].

Despite the successful reconstruction of the city by the post-war generation of builders,
Gdansk still needs to fill spaces with new houses, replenish blocks and fragments of street facades.
However, these actions are taking place under different conditions than after the Second World
War, as they have to take into account the provisions of the Venice Charter.

This Charter, adopted in 1964 by the Second International Congress of Architects and
Technicians of Historic Monuments in ltaly, calls for the protection and preservation of the original
structure and materials of historic buildings and for maintaining a clear distinction between all newly
added elements and the original historic architecture. Article 9 of the Venice Charter is the most
relevant here, which says: "Restoration is considered as a unique measure of monument protection.
The goal of the restoration is to preserve and reveal the aesthetic and historical significance of the
monument, which is based on careful treatment of the historical substance as an authentic document.
The restoration ends when the hypothesis begins; as for hypothetical reproductions, any additions
deemed necessary for aesthetic or technical reasons must differ in the architectural form of the
monument and bear the signs of our time. Archaeological and historical studies of immovable
monuments should always precede restoration and accompany restoration works" [3].

Analysis of the latest research. Investigating the problem of harmonization of modern
residential architecture in the historical context, the studies of various authors were analyzed.
Among domestic scientists, it is possible to single out the scientific research of K.V. Serheieva, L.S.
Martyshova, who in his work entitled: "Interrelationship of modern buildings in the historical center
of the city on the example of Kharkiv", touch on the issue of harmonization of new architecture in
the Ukrainian city of Kharkiv [4]. Also, among the domestic works, the scientific work of Yu.O.
Kharaborska, K.V. Sukharevskyi, who in their work "Approaches to the design of modern
architecture in a historical environment™ [5] investigate the features that can be used to design
modern architecture in a historical context. Among foreign studies, there are many scientific works
by European and American authors, such as Susan Macdonald, Michael Davies, Roger Hunt, lain
Boyd, and others [6-9]. Also important for analysis are the scientific works of Turkish authors such
as A. Kagar, F. Semerci and Yuceer Hulya, Ipekoglu Basak. In their works, they investigated the
methods of analysis of modern architecture in the historical context [10-11].

The goal of the work. The object of the study is the architecture of modern housing in the
historical buildings of the city of Gdansk, the subject of the study is the peculiarities of the
harmonization of volumetric and spatial solutions. The purpose of the study is to analyze the
features of the historical architecture of the Polish city of Gdansk, and to determine the principles of
harmonization of volumetric and spatial architectural solutions of modern housing in the historical
districts of the Polish city of Gdansk from the point of view of use. In the research, it is necessary to
pay attention to the spatial and aesthetic aspects of the projects, which contribute to a harmonious
combination with the historical fabric of the city.

Research methodology. Primary data was collected by searching for photographs, project
drawings, observations and documentation of historical buildings in the city of Gdansk. The study also
includes the study of architectural styles, elements, proportions and materials used in historical
buildings. Secondary data is collected from scientific journals, books, articles and online resources
related to the historical architecture of Gdansk, urban planning and international charters for the
preservation of historical architecture. Data on architectural styles and elements of historic buildings
are analyzed to understand the historical context of the city of Gdansk. This analysis will allow to
identify architectural styles and features characteristic of Gdansk, such as Gothic, Renaissance,
Baroque. The analysis of modern housing is focused on determining the principles and characteristics
of harmonization between modern housing and historical architecture. It examines how modern
architectural solutions can respect and integrate with the existing historical fabric. The study includes
the analysis of specific examples of modern housing projects in Gdansk that successfully harmonize
with the historical context. These studies will provide insight into the design strategies, materials and
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spatial solutions used to achieve harmonization.

Presenting main material. For proper harmonization when designing modern housing, it is
important to analyze the historical context of the street and the architecture of the city in general.
The architecture of the city of Gdansk is very old and developed. Almost all architectural styles
typical of European cities are developed in the city. These are romanticism, with its castles, and
gothic, renaissance, baroque, rococo, classicism, eclecticism, neostyle, modernism, and social
realism. Perhaps the style by which the Polish city is most recognizable is the architectural styles
from Gothic to Classicism. Kamienica Czirenbergdw-Frederow can be named as an example of
Renaissance architecture (Fig. 1).

The building is an apartment building, which refers to the art of the ancient Greeks and
Romans. It was owned by several noble families of Gdansk: the Borstelins, the Kerls (Ernst Kerl,
the owner of the house since 1600, was a city official and then the mayor, his sister Anna was the
wife of another mayor — Jan Chyrenberg), Chyrenberg Freder. The coat of arms of the latter — with
the image of a heron — is located above the portal, that is, the decorative frame of the front door.
The wall with the main entrance (facade) has its modern appearance thanks to the reconstruction of
1620 according to the project of the famous Abraham van den Bloke. On the facade are twelve
Renaissance medallions, which were probably made in the 16th century. A medallion is a round
bas-relief that was frequently used as a decoration in Renaissance, Mannerism, and Baroque
architecture. Roman emperors are depicted on the medallions of the building [12].

Above the windows of the second floor, on the left, you can see: Vespasian, Trajan Nero.
Between the windows of the second floor are images of Caracalla and Octavia (wife of Nero,
daughter of Claudius). Domitian, Octavian Augustus (the first Roman emperor) are depicted above
the first floor. Between the windows of the first floor, on the medallions, we see Livia (the third,
beloved wife of Octavian Augustus) and her grandson Claudius, and below - Tiberius, Livia's son,
as well as Valentinian. The tenement house is crowned with an attic with three Latin inscriptions:
"ALTAE CADUNT VITIIS", "INVIDIA", "VIRTUTIBUS INFIMAE SURGUNT". The
proportions and dimensions of window openings are formed during this period of the city's history
as the basis for all future buildings in the historic center of the city.

In the Baroque period, a characteristic triangular attic appears. As, for example, in the house
at the address: str. Dtugi Targ 20 (Fig. 2). The luxurious baroque facade, the pride of the street,
dates back to 1680, when a house was built on the connected plots. Between the windows of the
first floor we can see its pilasters. A pilaster, already known in ancient architecture, resembles a flat
pillar attached to a wall. It consists, like a column, of a base, a shaft and a capital. The pilasters are
additionally decorated with herms, i.e. human torso figures supporting the head. The rest of the
stem is filled with fruits and flowers. Instead of bases, pilasters have consoles — crowns. Gargoyles
are masks with grotesque facial features. They appeared in earlier styles, their task was to scare
away evil forces. Here they play the role of a console, that is, a decorative support. Cantilevers can
also support balconies, cornices and columns. Above, above the herms, we see simple pilasters
passing through two floors. When a column, pilaster, or half-column spans more than one story, we
call it a grand order. Great order can be seen in other houses of Gdansk. Between the pilasters are
placed festoons, that is, ornaments in the form of a fruit and flower garland, fixed in two places. The
top of the facade has a stepped shape, narrowing towards the top. The cracks, or "top steps", are
decorated with volutes, as well as fruit garlands. On the sides of the window in the attic are two
images in the form of medallions. They represent the rulers of Poland. On the right, the medallion
depicts Jan 111 Sobieski. He is easily recognized by his characteristic mustache and hairstyle. King
John loved to come to Gdansk with his large family and court. In addition, he reigned in 1680,
when the house was built. A metal sculpture of an eagle crowns the top of the building.

An example of classical residential architecture can probably be called the house at the
address: st. Mariacka 14 (Fig. 3). It has a modest classical facade and is one of the smallest houses
on the street. Also, his porch does not look too spectacular: the stairs do not pass in front of the
terrace, but are drawn into its borders. The terrace is not decorated with stone slabs, only a wooden
balustrade. The tenement house has one floor with a superstructure, that is, a superstructure
narrower than the house itself, in which there are additional rooms. The pediment ends with a
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simple cornice, on which a low pediment rests. On the side of the annex, cornucopias are carved in
stone. This is a popular theme in art related to Greek mythology. According to her, Zeus, the most
powerful of the gods, had to hide from his father Kronos as a child. He was raised by a goat named
Amalthea. During the game, Zeus accidentally broke his horn, and then, not wanting it to go to
waste, had the horn filled with whatever the person holding it desired.

Fig. 3. Building at the address:
Czirenbergow-Frederow (photo  address: Diugi Targ str. 20 Mariacka str, 14 (photo by
by Rafat Peplinski) (photo by Aleksandra Google maps)
Wolska)

Fig. 2. Building at the

Fig. 1. Kamienica

So, after analyzing the most famous architectural objects from the three most popular styles in
the historical districts of the city, it is possible to come to the conclusion which principles of
harmonization are best used when designing modern housing in a historical context. An important
feature of the historical architecture of Gdansk is the facade fabric and the proportions of the
window openings. It is not difficult to see that despite the change in architectural styles, we
continue to see the same window proportions from house to house. Another important feature of
historical architecture, which helps in harmonizing with modern architecture, is the attic
characteristic of Gdansk houses. Mainly triangular in shape, it is repeated on almost every building
and, together with the narrow facade, forms a recognizable silhouette of the city's architecture,
which is desirable to repeat when designing modern housing in historical buildings.

An example of harmonization. A scientific study analyzed the works of Polish architects in the
city of Gdansk. Among them, it is possible to single out the projects of building modern residential
architecture between historical brick buildings. These projects, although they solve a similar problem
of preserving and highlighting the historical urban fabric, differ significantly in the way of achieving
this goal. Differences reflect not only spatial, but also technical aspects, thanks to which each presented
project is an exceptional and unique example of interdisciplinary communication for solving complex
architectural problems. One of these projects is the construction of modern housing in a historical
building, which we will analyze according to our own methodology.

A project by A. Taraszkiewicz built a large complex combining multi-apartment residential and
commercial functions in 2013, on Szeroka Street, in the very heart of the historic city of Gdansk (Fig. 4).

Despite its extremely prestigious location, the area, degraded by the war, was for decades an
unpleasant "hole" in the neighborhood, waiting for proper use and development, to merge with the
urban fabric into one. Project work on the complex of new buildings took place in a rather calm
atmosphere, but important debates took place between the authorities, architects and the public. Public
organizations representing the residents considered the new buildings to be a reconstruction of pre-war
buildings. Adhering to the principles of the Charter of Venice, due to the lack of original iconography,
the conservation authorities favored modern design. The architects shared their position with the
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security authorities, and set themselves the goal of designing a house that would respect the heritage of
the past, but testify to the time in which it was built. However, the architects had to take into account the
guidelines for preserving historical elements. These instructions determined the town planning plan and
the scale of the new building. The height of the building, as well as the rhythm, width and height of the
facades of the buildings correspond to the historical divisions of the site, confirmed by archaeological
finds. and presented in the 1866-1869 Situations Plan von Danzig by D. Buhse (Stankiewicz 1959).

Fig. 4. Szeroka Street, before and after the construction of the residential complex.
Photo by A. Taraszkiewicz

The design of the complex clearly refers to the historical buildings of Gdansk, but at the same
time it is completely modern. The modern expression of this architecture is defined by a typical
modern facade, based on the achievements of the international style, "fresh” architectural details
(for example, minimalist beams or lintels made of channels) and modern building materials and
technologies, for example, zinc-titanium metal sheets used as a facade material [13].

The quarter has a deep two-story underground parking lot, which is needed due to the lack of
sufficient parking spaces in the central part of the city. During the excavation work for the parking
lot, valuable remains of the Gothic brickwork of three walls were discovered. These historical
elements, having an oval vault, conflict with the functional and technical solutions proposed in the
project, thus delaying the development of the entire project.

The issue of preserving the historic brick walls became the main issue during the discussions
between the authorities and the architects.

In agreement with the security authorities, it was decided to cut the walls into large four-meter
pieces, fix them in steel clamps specially designed for this purpose, remove them and move them to
a military training ground for drying and preservation. After the construction of the reinforced
concrete floor above the underground parking, the walls were returned to the place where they were
assembled and placed according to their historical orientation and position, but one and a half
stories higher, that is, at the level of the first floor.

In the scientific study, this complex was analyzed according to its own system of criteria. The
design approach is modern. Modern materials, modern architectural style were used. The socio-
economic status of the house is affordable-comfortable or elite. The residential complex is built in a
historically formed ensemble in a dense row of historical buildings. The height is medium-floor.
The shape of the complex is similar to the surrounding architecture, rectangular, narrow from the
main facade. The complex is built as a single object consisting of many parallelepipeds of this
shape. The size is not large, it is harmoniously combined with the historical building due to its
similarity in size. The facade fabric is made of window openings. A characteristic element of the
historical buildings of this area of the city are rather large windows in relation to the entire facade
fabric. As a result, the architects of modern housing decided to use this in their project and built
even larger window openings, most often they are balcony windows. The color scheme of this
complex is not monotonous. There are forms of dark brick, there are forms with ventilation facades
with sand-colored slabs, and even gray-green elements using metal as a material. All this very
harmoniously resonates with the colorful colors of the surrounding historical buildings and
historical architecture of the city of Gdansk. The architecture of modern housing does not have its
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sovereignty between the historical context and is well balanced with it, harmoniously combined old
and new housing architecture. The principles of harmonization by preserving the facade fabric of
the windows and silhouette harmonization were used for the design [14].

Conclusions and prospects for further research. In the article, we came to the conclusion
that the methodology of analysis of modern housing in historical buildings is often based on the
definition of key principles of harmonious combination. Thanks to this analysis, the process of
combining modern architecture with historic buildings can be achieved with sensitivity and care.
We have identified several principles that guide such harmonization, including preservation of the
facade fabric of windows, repetition of dominant elements of the historic building, linear
harmonization, formation of background buildings for the historic street, formation of
superstructure on the historic street and repetition of the silhouette.

Analyzing the historical architecture of Gdansk, it becomes clear that certain features stand
out and continue to influence contemporary residential architecture in a historical context. Large
front windows, pitched roofs and small house shapes are some of the defining characteristics that
have influenced the design of modern housing in Gdansk. Using these elements, modern architects
can design buildings that blend organically with their historic surroundings, enhancing the overall
aesthetics of the city.

It can be confidently stated that the preservation of the facade fabric of the windows and the
repetition of the silhouettes of the buildings are the most important principles of the formation of
modern housing architecture in Gdansk. By preserving the facade fabric of the windows,
contemporary architects can honor the historic character of neighboring buildings while allowing
for the use of modern materials and technologies. Repetition of building silhouettes allows new
structures to blend in with their surroundings and create a unified and harmonious streetscape.

We analyzed one of the most successful projects of harmonization in the city of Gdansk, architect
A. Taraszkiewicz. As a result, we have seen that the combination of modern housing in historic
buildings is an important aspect of urban planning and design. By carefully considering historical
context and architectural principles, architects can design buildings that respect the past while also
meeting the needs of the present. In the case of Gdansk, the preservation of large front windows, pitched
roof features and small house forms played a significant role in the development of modern residential
architecture, providing a beautiful and cohesive urban environment for both residents and visitors.

In the perspective of the following studies, it is necessary to formulate a methodology for the
design of modern residential architecture in the historical districts of cities. To determine the
features of architectural and planning solutions of modern housing in the conditions of historical
buildings. Use the results of the research to determine the features and principles of harmonization
in the formation of modern housing architecture in the historical districts of large Ukrainian cities.
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OCOBJIMBOCTI TAPMOHI3ALIL OB’€EMHO-IIPOCTOPOBOI APXITEKTYPH
CYYACHOTI'O JKUTJIA B ICTOPUYHOMY CEPEJIOBHIII IOJbChKOI'O MICTA
ITAHCBK

omoBuu JI.C., aciipaHT,

popovych.ds@gmail.com, ORCID: 0000-0002-9473-3568

Kuiscokutl nayionanvruil ynisepcumem 0y0i6HUYmM8Ea ma apximexmypu
up. [oitpodnoreekuii, 31, M. Kuis, 03037, Ykpaina

Anorauis. ITonsceke MicTo [IaHCHEK € 0BOJI LIKAaBUM i 0COOIMBUM €BPOIENCHKMM MIiCTOM B
IUTaH1 apXITEeKTYpHUX OCOOJIMBOCTEH iCTOpUYHOI 3a0yAoBM MicTa. | micist Apyroi cBITOBOI BilHH,
MOJILCHKI apXITEKTOPH 3pOOHIIN BEJIMKY pOOOTY, 1O BiTHOBJICHHIO MiCTO, 31 30€pPEKEHHSIM 1CTOPUIHOT
apXiTEKTYpHOI CHAJLIMHU 1 FapMOHI3alll Cy4acHOI apXITEeKTypU B ICTOPUYHOMY KOHTEKCTI. B qanomy
HAyKOBOMY JOCIHI/DKEHI aHaN3YyIOThbCS OCOOJIMBOCTI PEKOHCTPYKIi ICTOPUYHMX paHOHIB MICTa,
BUKOHAHHS MDKHApOJHMX XapTil, OCOOJMBOCTI 1CTOPUYHOI apXiTEKTypH TIOJILCHKOIO MicCTa,
BU3HAYAIOTBCSl OCHOBHI apXITEKTypHI CTWII, SIKI € MacOBUMM B ICTOPHYHMX palOHaxX MicTa.
[TpoBoanTbCS aHaMi3 TPHOX APXITEKTYPHUX OO’€KTIB 3 ICTOPUYHHUX MEpIoJiB: peHecaHc (OyIUHOK
Kamienica Czirenbergdw-Frederow, 6apoko (OyauHOK 3a aapecoro: Byi. Dhugi Targ 20), knacurmsm
(OymuHOK 3a ampecoro: Bya. Mariacka 14). AHami3yroTbCsl apXiTEKTypa yCiX TPbOX CTHJIIB, TaKUM
YMHOM BHM3HAa4a€EMO OCOOIMBOCTI ICTOPUYHOI apXITEKTYpH MicTa.

Busnauatorbess  0coOnmBOCTI  TapMoHi3alii ¢acagHoi apXiTeKTypd Cy4YacHOTO JKUTIa B
icropuuHiii 3a0ynoBi Micrta I[maHchk. 3a BIACHOIO METOMOJIOTIEI0 BH3HAYAEMO TPHUHIIUIH, SKi
HaOLIbII MIAXOAII Ul TapMOHI3aLli Cy4acHOTO 3 1CTOPUYHUM MpU MpoekTyBaHHI. [IpoBoauThCs
a”aii3 noOynoBaHoro 06’ekra no Byauil Szeroka (apxitekrop A. Taraszkiewicz) cyyacHOTO KHTIIA B
1CT0quH0My KOHTEKCTi, 332 PO3POOJICHOI0 CXEMOKO KpI/ITepH/I HanpUK/Iaz q)opMa KOJIOPHCTHKA,
po3Mip, GanaHc, ¢acaaHa TKaHHMHA, nponopuu BIKOHHHX 1 JIBEPHUX Hpopi3iB 1 BUKOPUCTaHI HpU
OyIiBHHMLITBI ONOPSUKYBaJIbHI Marepianu. Sk pe3yipTaT aHajli3y 3a KpUTEpisMH, BH3HAYAIOTHCS
NPUHIMIN FAPMOHI3allil, 3a IKUM O0yli0 copMOBaHO apxXiTeKTypy. OOroBOPIOIOTHCS CKIAIHOLI, SKi
BUHUKJIA TpU TPOEKTYBaHHI Ta OYAIBHUUTBI B ICTOPUYHOMY DPalOHi, Ta SK KOHCOJITYBaJId CBOi
3yCHIIIS, MiChKa BIIaJ1a, TPOMAJICEKiCTh, 3AMOBHHUK Ta apXiTEKTOPH ISl BUPIIIICHHSI CKJIQJIHUX ITUTaHb.

KurouoBi ciioBa: icropuuHa 3a0ynoBa, Cy4acHe >KUTJIO B ICTOPUYHIM 3a0y70Bi, icTOpUYHA
apxirekrypa I 1aHcbKa, rapMOHi3ailis.

Crarrs Hagidnuia go penakimii 2.05.2023
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Abstract. In the article multi-story buildings steel frames in the fire before and after the first
destruction is investigated, the frames vitality in the fire is investigated. It is emphasized on the
relevance of the research during the war of the russian federation against Ukraine. An overview of
previous domestic and foreign scientists’ studies, devoted to the multi-story buildings steel frames
vitality, in particular in a fire. The frame model for research was selected and simplifications was
required in the study for the clarity of comparisons in research. There were compared different
mechanisms of multi -story buildings steel frames collapse in a fire. It is proved that with the first
destruction in the steel frame beam the vitality loss time will be longer than with the column first
destruction.

Various measures vitality increasing frames are considered and investigated. Outrigger
systems were investigated as a measure vitality increasing, and their impact on the forces
distribution in the frame during heating of frame elements under the action of temperature loads
from a fire. The dependence of various measures vitality increasing of multi-story buildings steel
frames in the fire from the frame geometric sizes is established. It is established that the load -
bearing capacity factor at the fire beginning in the most loaded column should be smaller than the
most loaded beams. It is proved that the difference between the initial load-bearing capacity factor
in the beam and column that necessary to increase the vitality loss time, is different for different
ratios of beam span to the column height. It is revealed that the frame elements cross-sections shape
affects its vitality in the fire. The importance of the limited plate deformations development in the
frame elements cross-sections is emphasized. Recommendations for civil engineers to enhance the
of multi-story buildings steel frames vitality in a fire are formed.

Keywords: vitality, fire, steel frame, multi-storey building, physical nonlinear, war, russian
aggression.

Introduction. The lack of land plots in cities in dense construction conditions is increasingly
leading to multi-storey construction. As the number of floors increases, the complexity of buildings as
systems increases. Due to scientific and technical progress, the complexity of systems increases, but
their reliability and vitality do not always increase accordingly. Various threats can cause complete or
significant destruction of buildings: impact and explosion as a result of military operations, fire,
earthquake, etc. It is impossible to design the load-bearing structures of the building in such a way that
they withstand the effects of all threats. However, it is possible to investigate various ways of increasing
the vitality of the building's load-bearing structures: so that local destruction does not lead to progressive
collapse (or vitality loss). The fire in Sdo Paulo (Brazil, 2018, Fig. 1, a) and Madrid (Spain, 2005, Fig. 1,
b) are examples of the a multi-story building progressive collapse due to fire. After the beginning of the
full-scale war of the russian federation against Ukraine, fires due to missile strikes or UAVs or falling
debris after being shot down by air defense systems also became relevant. Such an example is the fire
on June 27, 2022 in Kremenchug after a missile hit the shopping center building (Fig. 2).

Fire is a rather complex factor from the point of view of taking it into account in the design of
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buildings load-bearing structures, as it depends on many components [1]. However, there is a
requirement in domestic regulations: all objects of the CC3 consequence class should be expected to
vitality, in particular, vitality in the event of a fire [2]. Modeling the effect of fire on the buildings load-
bearing structures and multi-storey buildings steel frames vitality increasing is no longer an
engineering, but a scientific task.

Fig. 1. Buildings progressive collapse consequences from fire:
a —in Sao Paulo; b — in Madrid

Fig. 2. The result of building progressive collapse from a missile strike and fire in the shopping
center in Kremenchug

Analysis of the latest research. Modeling of the fire effect on the multi-story building frame
finite-element model was carried out in studies [1]. The steel structures fire protection, which was
designed taking into account their load capacity ratio, was taken into account. Temperature loads
were determined taking into account the premises layout (the fire compartments dimensions) and
the corresponding parametric temperature-time dependences. The maximum temperature load was
120°C with fire protection R180. It was found that, even taking into account fire protection, in the
case of static linear calculation, such large forces arise that after frame elements cross-sections
design for the forces, the metal frame weight increased by 50%. This indicates that the calculation
of fire action cannot be simulated with one maximum load (peak for the fire heating stage), and it is
necessary to perform a nonlinear calculation taking into account geometric nonlinearity, which is a
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scientific problem.

In [2], a review of Ukrainian and foreign normative documents was carried out on measures
to steel frames vitality increasing in case of fire. Neither methods nor recommendations for this
were found in any documents.

In [3], the multi-story buildings steel frames stress-state before the first destruction was
investigated in order to determine the most unacceptable location of the fire source. The multi-story
buildings steel frames stress-state in case of fire was investigated for the fire source location in
different frame spans on different floors. For the frame in question, it was established in particular that:

— in the event of a fire, the time to the first destruction under the fire scenario in the internal
span is longer than in the external one;

— in case of fire on the upper floor, the destruction occurs later than on the lower one;

— on the lower floor, the columns are more likely to collapse earlier than the beam, than on the
upper floor;

— in the internal span, the beams are more prone to collapse earlier than the column, than in
the external one.

In [4], the steel frames stress-state during a fire under various initial conditions was analyzed,
such as: types of joints connecting beams to columns, the initial load capacity ratio, allowing/not
allowing the development of limited plastic deformations in the beams. In frames with hinged
joints, the loss of the the first frame element load-bearing capacity takes longer than in frames with
rigid joints.

British scientists in [5] investigated the fire resistance of steel frame joints and their effect on
vitality. It was established that connections can be destroyed due to fire earlier than frame elements.

Japanese scientists in [6] determined that the load capacity ratio in the columns should be 0.25
to prevent progressive collapse in the fire, which significantly increases the frame metal weight.
This factor should be specified for different frame geometry. The difference between beam and
column load capacity ratios from the point of view of the potential mechanism of destruction also
needs research.

To increase vitality in case of fire and earthquake resistance, it is recommended to use
combined outrigger systems (super frame), which combine vertical and horizontal outriggers along
the frame contour [6]. Such systems significantly increase the frame metal weight and limit
architectural solutions.

In the studies of compatriots [7-10], the frames stress-state after the column removal in the
frame was analyzed. Emphasis is placed on the importance of taking into account physical
nonlinearity and the dynamic effect due to the column collapse when calculating the vitality.

Preliminary studies show that existing measures to the vitatiy increase of multi-story
buildings steel frames require a more detailed study. It is necessary to investigate the frame after the
first element destruction under the action of fire under the most unfavorable location of the fire
source, taking into account the nonlinearity and dynamic effects of the destruction.

Research tasks. The following tasks were performed in these studies:

— to compare various multi-story buildings steel frames collapse mechanisms during a fire and
to choose the most durable ones;

— investigate various measures to increase the vitality of multi-story buildings steel frames;

— check the dependence of measures to increase the vitality of multi-story buildings steel
frames on their geometric dimensions.

Research materials and methodology. Based on [3], it was taken as a basis that the fire source
location on the lower floor in the external span is the most unfavorable from the point of view that the
most probable destruction of the column earlier than the beam will be in this case (Fig. 3).

A frame finite element model of a 2d steel frame (without fire protection) with three floors and
three spans was adopted as the research model. The dimensions are adopted in such a way that the span
of the beam is 2 times greater than the height of the column: the span of the beam is 7.2 m, the height
of the floor is 3.6 m. The columns are unfastened from the frame plane at the level of the abutment of
the beams, the beams are unfastened from the frame plane with a step of 2.4 m. The load capacity ratio

Modern construction and architecture, 2023, no. 4, page 14-22



BUILDING STRUCTURES

of beams and columns was assumed to be the same — 0.5 in order to make a visual comparison of the
change in their load during the fire. Column bases are adopted with a rigid connection. Beam-to-
column connections are hinged. The load on the frame was set vertically on the beams — 6t/m
(simulating the effect of dead and live load) and horizontal on the columns (simulating the effect of
wind load) according to [11]. Steel elements C255. The design and cheking of frame elements cross-
sections is carried out according to [12]. The effect of fire is simulated by temperature loads
determined according to [13]. The sections of all frame elements are designed in such a way that the
hinge plastic occurs earlier than the local buckling.

777 7T rrr7i 7Tl

Fig. 3. The adopted calculated fire scenario for a frame with hinged beam-to-column connections

The effect of the fire was simulated by temperature loads. Step by step with an interval of 30
seconds in a non-linear calculation (taking into account geometric non-linearity) the temperature
increase was set. The temperature loads values were determined according to [13] for the standard
temperature-time fire dependence. It was accepted that the fire heats the column from 4 sides, and the
beam — from 3. At each step, the change in strength and deformation steel characteristics depending on
temperature was taken into account according to [13].

Simplifications are made. During the calculation, it is assumed that the temperature is
distributed evenly along the length of the element and across the cross-section. It is also assumed
that the frame elements do not perceive other temperature actions except fire. Connections have a
greater bearing capacity reserve than frame elements.

The criterion for the frame element destruction is the occurrence of a hinge plastic in it. The
very process of element destruction is modeled by removing it from the frame calculation scheme,
and instead of it, forces equal to the reactions in this element, with the opposite sign, are applied to
the joints (taking into account the dynamic effect). In the next step of nonlinear loading, these
forces disappear. The phenomenon, when the frame upper floors fall on the lower ones, is proposed
to be called vitality loss. The time from the first frame element destruction to the vitality loss is
proposed to be called vitality time. The time from the fire start to the time of vitality loss is
proposed to be called the vitality loss time.

Research results. As a measure to the frame vitality increase in the event of a fire, X-shaped
outrigger systems on the upper floor were investigated, as recommended in [7-10] (Fig. 4).

Fig. 4. The frame with outrigger systems
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The first destruction occurs at 1080s=18min. The internal unheated column of the frame
lower floor is collapsing (Fig. 5). The reason for the destruction is the increase in axial force. In the
heated internal column, the axial force decreased from -130tf to -51tf, and in the destroyed one it
increased from -130tf to -262tf. This frame forces distribution is due to the presence of outriggers,
which redistribute forces from the heated (less stiff due to the decrease in the modulus of elasticity)
to the stiffer unheated column.

Fig. 5. Frame calculation scheme after the destruction of the unheated internal column

The frame vitality loss occurs at 1110s=18.5min due to the destruction of the external
unheated column of the lower floor, the internal heated column of the lower floor, the beams of the
upper and intermediate floors above the destroyed column. The reason for this is the change in the
lateral force in the beams reaches from -40tf to -202tf (beam of the upper floor), from -40tf to 196tf
(beam of the middle floor), and in the columns of the lower floor from -16tf to -270tf (external
unheated column), with -50tf to -338tf (average heated column).

Destruction beyond the location of the fire source is undesirable from the point of view of
evacuating people from the building. However, outrigger systems are necessary to redistribute
efforts from the destroyed column to others. Therefore, the option of including the outrigger
elements in the work of the frame only after the column destruction was considered (Fig. 6).
Practically, such work can be achieved by attaching outriggers to the frame on connections with
oval holes for bolts in the vertical direction.

The first destruction occurs at 1260s=21min. The internal heated column is destruction. The
destruction occurred due to the buckling from the bending plane. The reason for the decrease in the
column bearing capacity is a decrease in the steel yield strength due to heating, as well as a decrease
in the steel modulus of elasticity and, accordingly, an increase in slenderness. In this case, the first
destruction occurs within the fire source location, so not including the outrigger in the frame work
before the column collapse is a justified measure.

Fig. 6. The frame scheme at the fire beginning
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At the next stage (1290s=21.5min), outriggers are introduced into the frame work and the
destroyed column is removed from the calculation scheme (Fig. 7). Effort increases from -138tf to -
312tf. The external heated column cannot withstand the dynamic effect and collapses. After that
(1320s=22min), the frame beams collapse and the vitality loss occurs.

Fig. 7. Frame scheme of the after the column collapse

To increase the vitality time, it was decided to design the frame in such a way that the first
failure occurs in the beam, not in the column, and that all frame elements withstand the dynamic
effect of the column failure. Calculations were made for this frame, where the column has a lower
load capacity ratio (herein after LCR) than the beam, with a gradual increase in the difference and
calculation of the frame for fire vitality. The following results were obtained in the frame, in which
the difference in the LCR of the beam and column is 20%.

The first destruction occurred in the heated beam at 1320s=22min The destruction occurs
according to the bending strength inside the span. The reason for the destruction is a decrease in the
steel strength characteristics by 60% (from 255MPa to 103.3MPa). At the next stage, the beam was
removed from the calculation scheme and reactions from it with the opposite sign were applied instead.
The internal heated column at 1350s=22.5 min has a LCR of 0.746, the heated external column —0.708
(Fig. 8). The reason for the jump in the LCR of the external column is an increase in the buckling
length in the frame plane by two times, since the beam was the anchorage for the column.

As of 1620s=27min, the heated internal column collapses due to the buckling from the frame
plane. LCR of the external column is 0.601.

Fig. 8. Frame calculation scheme with a destroyed beam

After removing the internal column (Fig. 9) at 1650s=27.5 min and applying reactions with the
opposite sign to it, the heated external column collapses due to the buckling from the bending plane.
The reason for the destruction is an increase in axial force (from -47tf to -142tf) transmitted from the
destroyed internal column through the outriggers. The internal unheated column is not destroyed (LCR
0.718). The external heated column cannot withstand the dynamic effect of the destruction of the
internal heated column, but it is worth paying attention to the fact that the steel yield strength at this
moment in the column is 63.5 MPa, that is, 25% of the initial value of 255 MPa. As of 1680s=28min,
the frame vitality loss occurs due to the beams on different floors destruction.
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Fig. 9. Frame scheme of the after the column collapse

The calculation results of this frame (with the ratio of the span beam to the column height the
I/h = 2) with different vitality increasing measures are given in Table. 1.
From Table 1 it is possible to see that the considered vitality increasing measures in the fire of
multi-story buildings steel frames make it possible to increase the vitality loss time by 40%, and the
time frame work after the 1st destruction by 12 times. Also, the reserve material strength when it
decreases during heating is used 2.34 times (149.1MPa/63.5MPa) more.

Table 1 — Calculation results for the frame

Percentage of

holes for bolts; LCR in the beam
is 20% larger than in the column

Increasing vitality measures st de_structlon V'tal.'ty loss Vitality time |use of material
time time
strength
Outrigger sys]Eleorgf on the upper 1080s=18min [1110s =18.5 min| 30s =0.5 min 43
Outrigger systems on the upper
floor with connections with oval | 1260s =21 min [1290s =21.5 min| 30s =0.5 min 53
holes for bolts
Outrigger systems on the upper
floor with connections with oval |, 354 —55 1in | 16805 =28 min 3605 =60 min| 75

Similar calculations were carried out for the ratio I/h=1, 3, 4. Based on the calculation results
(Table 2), the relationship between the required difference in the LCR of the beam and the column
to increase the vitality time was established from the ratio of the beam span to the column height.

Table 2 — The necessary difference of LCR depending on the frame geometry

I/h (the ratio of the beam 4 3 5 1
span to the column height)
Difference in the LCR of the
beam and the column, % 30 25 20 15

It was also found that the frame element cross-section shape plays an important role in the
vitality increasing of multi-story buildings steel frames. The section factor (fire protection
characteristic (A/V)s,) depends on the cross-section section shape, which in turn depends on the
element steel temperature. A frames were compared, where the column cross-section steel temperature
is higher than that of the beams and vice versa. The calculation results are given in Table. 3.

As can be seen from the Table. 3, the steel frame element cross-sectional shape is no less

important from the point of view of the frame's vitality in case of fire.
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Table 3 — Comparison of the calculation with and without taking into account the shape of the section

Outrigger systems on the upper

Outrigger systems on the upper | floor with connections with oval
Increasing vitality | floor with connections with oval | holes for bolts; LCR in the beam
in the fire measures | holes for bolts; LCR in the beam | is 30% larger than in the column;
is 30% larger than in the column | the section factor in the beam are
greater than in the column

1st destruction time 1530s=25.5min 1380s=23min
Vitality loss time 15905=26.5min 2040s=34min
Vitality time 60s=1min 660s=11min

Percentage of use

of material strength 60 7

Conclusions. On the basis of the above calculations, a technique was developed to multi-
story buildings steel frames vitality increasing of in the fire event:
— the minimum difference in the LCR in beams and columns must be taken depending on the
ratio of the beams span and the column height according to Table 2;
— the frame element fire-resistant cross-section shape must be taken in such a way that the
cross-section factor of the beam must be greater than that of the column in order for the beam
temperature to be higher:

A A
(Psns > GFsh
— elements cross-sections must be design as such, in which the plastic hinge is formed earlier
than local buckling occurs (1 class cross-section according to Euro code [14]);
— in the frame on the upper floor, it is necessary to provide X-shaped outrigger systems with
their fastening on connections with oval holes for bolts so that they perceive vertical forces only in
case of column destruction.
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3BVIBIHEHHA )KUBYYOCTI CTAJIEBUX KAPKACIB BAI'ATOIIOBEPXOBHUX
BYAIBEJIb BHACJILIOK ITOXKEKI
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AHoTanif. B crtarti mocnimkeHo poOOTy CTalleBUX KapKaciB 0araTonoBepXOBHX Oy/iBelb
IpU TOXEeX1 710 1 MICHs MEepIIoro pyHHYBaHHS, JOCHIIKEHO >KMBYYICTh KapKaciB MPHU TMOXKEKI.
AKIICHTOBaHO Ha aKTYaJbHOCTI TEeMH JIOCIIDKCHHS B 4ac BiiiHM pd mporm Ykpainu. Bukonano
OTJISIT TIOTIEPE/IHIX JIOCHIKEHb BITUYM3HSAHUX 1 3aKOPJOHHUX BYEHMX, L0 MPUCBSUEHI >KUBYYOCTI
CTaJIeBUX KapKaciB 06araTonoBepXoBHX Oy/iBesb, 30KkpeMa MnpH mnoxexi. OOpaHo Mozenb Kapkacy
JUIS IOCHIIKEHHS Ta BBEJICHO CIIPOLIEHHS 3a/J11 HAOYHOCTI MOTPIOHUX B JOCTIAKEHHI TOPIBHSHb.
byno mopiBHSAHO pi3HI ME€XaHI3MHM PYHHYBaHHsS CTaJleBUX KapKaciB 0araronoBepXxoBUX Oy/iBeb
npu noxkexi. JloBeneHo, IO 3a MEpIIOro pylHYBaHHA OallkM CTaJeBOrO KapKacy 4ac BTPaTH
KHMBYYOCT1 OyJie TOBIIMM, HIXK 3a MEPLIOro pyHHYBaHHS KOJIOHH.

PosrnsiHyTOo Ta AOCHIIKEHO Ppi3HI 3aXOAM TOCHUJICHHS XUBYYOCTI KapkaciB. JlocmimpkeHo
ayTpUTepHI CUCTEMH, K 3aXiJl HOCUJIEHHS )KUBYUYOCTI, Ta BUSBIIEHO iX BIUIMB Ha PO3MOJUI 3yCHIIb Y
KapKaci IiJ1 4ac HarpiBaHHS OKPEMHX €JIEMEHTIB MPHU Jii TeMIepaTypHUX HaBaHTaKEHb B1Jl MOKEXI.
BceraHoBieHO  3al€KHICTh  PI3HUX  3aXOJIB  IOCWJIEHHS KMBYYOCTI CTaJ€BUX KapKaciB
0araTornoBepXoBUX Oy/AIBENb MPU MOXKEXI BlJ] FEOMETPUUHUX PO3MIpIB KapKacy. BcTtaHoBneHo, 1110
KOe(iIIeHT BUKOPUCTaHHS HECYYOi 3/[aTHOCTI Ha MOYaTKy Aii MOoKeXi B HaHOUIbII 3aBaHTaXeH1H
KOJIOHI Mae OyTH MEHIIWM, HDK B Oajku HalOUIbIN 3aBaHTakeHid Oamii. JloBeneHo, 110 Pi3HUIIT
MIOYAaTKOBUX KOE(IIIEHTIB BUKOPUCTAHHS HECY4Oi 34aTHOCTI B Oailll Ta KOJIOHI, HEOOXIaHA s
301IbIIEHHS Yacy BTPATH >KUBYUOCTI, pi3HA JUIsl PI3HUX CITIBBITHOLIEHb MPOJIBOTY OAJIKU 0 BUCOTH
KoJIOHH. BusiBieHo, mo ¢opma mepepi3iB Kapkacy BIUIMBAaE Ha MOTO >KUBYYICTb MPU MOMKEKI.
Haronomryerscsi Ha Ba)XKJIMBOCTI JOMYUIEHHS PO3BUTKY OOMEXKEHUX IUIACTUHUX JAedopmariii B
nepepizax eneMeHTiB kapkacy. ChopMoBaHO peKOMeHallli JUIsl 1HKEHEPIB-KOHCTPYKTOPIB 1100
MOCUJICHHS )KUBYUOCTI CTaJIeBUX KapKaciB 0araTornoBepXoBUX OYIiBENb IPU MOKEXKI.

Kurouosi ciioBa: )xuBy4icThb, OXKeXkKa, CTaleBUil Kapkac, OararonoBepxoBa OyiBis, GpizuyHa
HEJHIAHICTb, BiifHa, arpecis pd.
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AHoTaniAg. Y craTTi po3MIsHyTa KpailoBa 3ajada Mpo pyX HPYKHHUX IMO3JO0BXKHIX XBUIb Y
KaHaTax 3MIHHOI JOBXWHHU JJIl BAHTKOMIIMOMHUX MEXaHi3MIB KpaHIB Ta Ui [IaXTHUX
MiTHOMHUX MeXaHi3MiB. 3HaiineHi po3B’s3ku 3amaui Ko, SKi OMHCYIOTH PO3MOBCIOIKEHHS
MO3/I0BXKHIX KOJIMBaHb y KaHaTax (THYYKMX MiJBicax) SK y OOJIACTSX 3 PYXOMHMH TPaHHIISIMH.
JlocimkeHi TuHAMIYHI MOJS NEpEeMIllieHb Ta HANpPYKeHb Y CTalIeBUX KaHaTaX 3MIHHOI JOBXKHHH,
SKi BHKOPHCTOBYIOTBCS Yy BKa3aHUX BaHTAXOIMIIHOMHUX MeXaHi3Max. 3a3BHYail KaHATH €
BPIBHOBaXCHUMHU, M I'OJOBHUH KaHAT NEPEHOCUTh 30CEpE/KEHE HAIPYKEHHs, KOTpe 0 MOYaTKy
PYXY CHCTEMH 3HaXOJMJIOCh Ha HIDKHBOMY KiHII TOJIOBHOTO KaHatry. OIiHKa AMHAMIYHUX 3yCHIIb Y
17IeabHO MPYKHUX CTaJICBUX KAaHATIB 3MIHHOI TOBXHHH MOKA3ye, 110 TIIbKU MpU MiAHOMI KaHATiB
0e3 KiHIIeBHX BAaHTAXIB 32 HEIHTETPOBAHUX TPAHUYHHUX YMOB, 3yCHIIISl Y HUX HE 3pocTaroTh. OHaK
INPAaKTUYHUHA JTOCBIJl CBIMYMTH MPO T€, IO IPU MOMIPHUX IIBUIKOCTAX HigiioMy Iie SBUILE HE
CIIOCTEPIraeThCsl y 3B’A3KY 3 THUM, LI0 MOPSAJ 31 3pOCTAHHSAM aMIUINTY[A JUHAMIYHUX 3YCUJIb
BHACIIIJIOK 3MEHIIEHHS JIOBKMHHU B1JI0OYBA€TbCS OJHOYACHE 3MEHIIEHHS aMIUNITyA iX KOJIHMBAaHb.
O0’€exT AOCTIIHKEHHS BIHOCUTHCS JI0 MIUPOKOTO KOJIa KOJMBHHUX OJHOBUMIPHHMX 00°‘€KTIB 3MIHHOI
JOBXHUHHU. J[J1s1 onucy KOJMBaHb Ta XBUJIEYTBOPEHb BUKOPHCTaHA KJIACUYHA MaTeMaTHYHa MOJIENb.
[Ipu BUBYEHHI XBUJILOBHX IOJIIB Y 00JACTSIX 3 pyXOMUMH I'PAHUIIMU BCTAHOBJIEH1 3aKOHOMIPHOCTI
BIJOUTTS IMIYJBCIB Bijl TAKMX I'paHMLb. PO3rIsSHYTI XBHJICYTBOPEHHS MPYKHOTO THUITY y CTPHIKHSIX
3MIHHOI JIOBXHHH (MOJIEJISIX KaHATIB) 3 ypaXyBaHHSM Ti€l 0OCTaBMHH, 1110 BKa3aHI CTPUKHI MalOTh
KpYroBUH MONEpeuHuil mepepi3 3MiHHOI (IO JTOBKMHI KaHaTa/CTPHIKHSA) Mol (TOOTO CTPHIKHI
HWITIHAPUYHI, Y BUIVISAI Tapaboioina oOepTaHHS, KOHYCHI CTPHXKHI). 3aCTOCOBAaHMM MiJX1J,
3aCHOBAHUN Ha MOXIIMBOCTI MOOYAOBU PO3B’SI3KIB XBHIJIbOBOTO PIBHSHHS 3 XBWIb, BIIOUTHX Bij
HEPYXOMHUX M PyXOMHUX 33JaHMM YMHOM I'PAHUIIb HAIlIBHECKIHUEHHOI 00J1acTi.

KuarouoBi cioBa: cTpwkHI, 3MiHHa JOBXKHHA, MOJIENi, IWHAMIYHHMA aHami3, MOPYyXKHI
XBUJICYTBOPEHHS, KaHATH, BAHTAXOIIIHOMHI MEXaHI3MHU.

Beryn. Jlunamiunuii aHaniz QyHKIIOHYBaHHSI THYYKHX I1/IBICIB (KaHATIB) BaHTaXKOMiIHOMHUX
MEXaHI3MIB KpaHIB Ta INAXTHUX MiJHOMHUX YCTAaHOBOK BHMMAra€ BHMBYEHHS XBWJILOBUX IIOJIB Y
00JacTAX 3 PYXOMHUMH TPAHHUIIMUA Ta 3aKOHOMIPHOCTEH BIIOMTTS IMITYJIbCIB BiJl TaKUX TPaHUIlh
(ocobaMBO y mporecax MmigioMy/CITycKy BaHTaXiB). Bifomi Taki peKMMH yIapHOTO HaBaHTa)KEHHS
KaHaTiB, NpU SKUX y CTPWXKHI (MOZENbh KaHaTy) BHHMKA€E 30HA IUIACTUYHUX Jedopmariiii, ska
HEBIUHHO PO3LIMPIOEThCA. Y TepIIoMy HaONMKEHHI PO3MOBCIOKEHHS XBHJIb IMPY)KHOI YaCTUHH
CTPIDKHS MOXKHAQ PO3IJISIATH, BBKAOUH, 10 HABAHTAKEHHS TPHKIAJIEHE O PYXOMOI 3 TIEBHOIO
IIBUJIKICTIO TPAaHMII PO3/UICHHS MPY)KHOI 1 TUIACTUYHOI 30H, HE MPHUIMAO4M 10 yBard MpoLecH Y
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TTacTHYHIN 30H1. CXO0XKi 32 TOCTAaHOBKOO 3a/1a4i JUIs 00J1acTi 3 PyXOMOIO TPAHHIICI0 BUBYAKOTHCS Y
Teopii TeronpoBinHOCTI (3amaya Credana), oHaK MPsIME BUKOPUCTAHHS METOJIIB, PO3POOJICHUX ISt
PIBHAHB NapalbOIIYHOTO TUIY, Y XBHJIBOBUX 33Jadax € HEKOPEKTHHUM, OCKUIBKH y OCTaHHIX HasBHA
npyra noxiaHa no yacy. Ha nHamry nymky, TyT Moke OyTH 3aCTOCOBaHMM MiAX1J, SKUH 3aCHOBAHUI Ha
MOXITUBOCTI MOOYZOBH PO3B’SI3KIB XBUJIBOBOTO PIBHSHHS 3 XBWJIb/XBUJIEYTBOPEHB, BIIOUTHX BiJ
HEPYXOMHUX W PyXOMHUX 33JJaHM YMHOM TPaHMIIb HaIliBHECKIHYCHHOT 00JIacTi.

AHaJji3 my0aikaniii mo Temi xociigxenns. [Tutanas npo BU3HAYCHHS 3YCHIIb Y MiTHOMHHAX
KaHaTax, IMpO IIOCTAHOBKY METOJIB PO3B'SI3Ky TICHO TMOB'A3aHe 3 3a7aueio IpOo MO3J0BXKHI
KOJIMBAHHS MPYXHHUX CTPHIKHIB M CTajieBUX KaHaTiB. Y poborax [1, 2] 0OMEXHIUCh MIaXTHUMHU
KaHaTaMH TIOCTIMHOI JOBXXMHH W IMOCTIHHOTO TOMEpeYHoro mepepidy. Y crarti [3] po3risHyTi
pI3HOMaHITHI CHelianbHi YMOBU: MHUTTEBE HABAHTAXECHHS HW)KHBOTO KIHIS KaHaTy, MHUTTEBA
3YNUHKa BEPXHbOTO KIHIISI KaHATy. 3a3HAUMMO, 110 Y TPbOX BUMAAKaX, BKa3aHUX BHIIE, BIOJOBXK
KaHata OyJe CIIOCTepIiraTiCh PO3PHUBHICTh HEMEPEPBHOCTI. PO3TisHYTI KaHATH MOCTIHHOTO
nepepizy, aje 3MiHHOI JOBKMHU TpU BpaxyBaHHI Macu W Baru KaHaTy IpPH BEJIUKUX BHCOTaX
nigiiomy [4]. 3am1s omTUMizalii MaTEMaTHYHOI MOJIENI JUHAMIYHUX MPOIIECIB y TOJIOBHUX KaHATaX
IIaXTHUX MIAMOMHUX MEXaHi3MiB aBTOpKa [5] Bukopucrana MoaupiKoBaHUI METO] MPOIOBKEHHS,
SIKUI BPAaxOBY€E BIAOWUTTS TO3I0BXKHIX XBHIIb BIJI PyXOMOTO KiHIIS i TIOSIBY 3aJTMIIIKOBHX KOJINBAHb.

O06’eKTOM JaHOTO AOCIIIKEHHS € KaHATH/THYYKI MiJBICH BaHTAXXOMITHOMHIX MEXaH13MiB KpaHiB
Ta MAXTHUAX MAHOMHHUX MEXaHI3MiB, KOTPi BiTHOCATBCS IO IIMPOKOTO KOJIa KOJIMBHHUX OJHOBUMIPHHX
00’eKTIB 3MIHHOI OBXUHH [6-21]. {51 onucy KOJIMBaHb BUKOPHCTOBYETHCS JOBOJI YacTO KIIACHMYHA
MareMaTndaa MoJieltb [7, 21]. Ilpu po3’si3yBaHHI BiAMOBIAHOT 331a4i Korm BUKOPHCTOBYBABCS METOJ
KantopoBuua-I"ansopkina [10, 12]. Ha Bigminy Bing acMMOTOTHYHHX MeToAiB [7, 21] y poOoti [22]
PO3B’SI30K Ma€ MOJIOBY CTPYKTYPY, IO JIO3BOJISIE aHATI3YBATH PE30HAHCHI BIIACTUBOCTI KAHATIB.

Y naHoMmy [IOCHIKEHHI BUKOPUCTaHHMM miaxin poOoTu [23], 3acHOBaHUN Ha MOKJIMBOCTI
noOyJOBH PO3B'SI3KIB XBWJIBOBOTO PIBHSHHS /ISl aHAi3y NPYXHHUX XBHJIb y KaHaTax 3MIiHHOI
JOBXHHHM 31 3MIHHOIO IUIOMICIO MOMEPEYHOro Tepepizy B MeXax MOEIi MPYKHOTO CTPHXHs. [lpu
[[bOMY BKa3aHi1 PO3B'A3KHU € CYNEePIIO3ULI€I0 PO3B’SI3KIB XBUIHOBOTO PIBHSHHS ISl XBHIIb, BIIOUTHX
BiJl HEPYXOMUX Ta PyXOMHUX 33JJaHMM YHHOM I'PaHUIIb HAliBHECKIHUEHHOT 00JIACTi.

Meta po00oTH TOISITaE y OOIPYHTYBaHHI METOMY IUHAMIYHOTO aHAJI3y NPYXKHUX XBHIb Y
KaHaTax BaHTaKOMIMOMHUX MEXaHI3MIB KpaHiB (Ta IIAXTHUX IJIAOMHHUX MEXaHi3MiB) B Ipolecax
MiAHOMY/OITyCKaHHSI BaHTaXIB 32 YMOBH, IO BKa3aHI KaHATU PO3IJISIAIOTHCS B MeXax MOJei
pyXHoro ctprxkHs. Ilpu oMy BpaxoBaHi JBI 0OcTaBUHM: 1) CTpHIKHI (KaHATH) MalOTh 3MIHHY
JOBXUHY; 2) CTPWXHI MarOTh KPYrOBMH NONepeyHHi mepepi3 3MiHHOI Iuioml (y HampsMKy oci
crpwxns OX muioma nonepedHoro mnepepizy KaHaTy/CTpUKHS S € (yHKIiE KoopauHatd X , To6TO
S=5(x).

Metoauka gocaixkeHHsi. Y poOOTI BUKOPHCTaHI METOAM MaTeMaTHYHOI (I3MKH, METOIU
pO3B’s13Ky nMu(epeHIialbHUX PIBHSAHb Y YAaCTMHHUX MOXITHUX, METOAM PO3B'SI3KY IHTErpalbHUX

piBHsHB AGens Ta Bonbteppa 2-To pony.
BHKJIa]1 0CHOBHOTO 3MiCTy MOCTIIKeHHs. PO3MIIHEMO CTPHIKEHD 3 KPYTOBUM MONEPEYHUM
m
: S . X .
TnepepizoM 3MiHHOT IO S(X) =S, | — | , me S, — mmoma nepepizy. Ilpu M=0 maemo
0
unHApuIHEE ctpmkens, M=1 it M=2 — crpwxkni y Burnsaai mapaGonoixy oGepraHHs i
KOHyca. PiBHSHHS 103/10BXKHIX KOJIMBaHb [/ TAKMX CTPUKHIB MOKHA OTPMMATH y BUrIsi [23]:
ou mou 1 &
—2+—'—:—2'—2, m:0,1,2, (1)
oxX~ X Ox c¢° ot

ne C=_|—,C — IBHAKICTH PO3MOBCIOMKEHHS y CTPWIKHI TO3JOBXKHIX XBWJIb, E — Momymsb
p

IPY’KHOCTI MaTepiany CTpUXKHA, P — HOro LIUIBHICTS.
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ITyxaemo po3s’s30k piBasHEs (1) y o6macti Vt < X <00 3a mouarkoBux Ta FPaHUYHIX YMOB:

u‘tO:O,a—u =0, O<Xx<o0; (2)
Oty
u =f(t), O<t<oo, (3)
8)( X=Vpt
. G(t)
ne V, =CONSt — mBuakicTs pyxy TOpLL (0 <V, < C); f (t) = g G(t) — MPUKIIAICHUI
Ha Topui THCK (puc. 1).
a) 6)
oit/ _[/__
-

o E——— =

Puc. 1. HaBanTaxkeHHs WWTIHAPUYIHOTO (2), mapadomiyHoro (0) i
KOHIYHOTO (B) CTPHXKHIB Ha PyXOMOMY TOPIIi

IIpu M=0 un, sx BumwmBac 3 posrsagy y [23], PiBHAHHIO Ta IOYATKOBMM YyMOBaM
3aJI0BOJILHSIOTH BiJIMOBIAHO BUPA3H:

v, (ct—x)-H(ct—x), m=0;
Xy, (ct=x)-H(ct—x), m=2
fe Yy, — AOBUIBHI (YHKIIT CBOTO apryMeHTY — (Ct - X), H (Ct - X) — ¢yHKIis XeBicaifia Toro

, (4)

XK apryMeHTy. BuxopucroByroum TpaHMUYHY YMOBY (2), MNpPUXOAMMO JO 3BHYANHUX
Au(epeHLiaabHUX PIBHAHB BITHOCHO \J, ,, TMICIISA PO3B’A3KY KOTPUX MA€EMO:

u =—(c—Vo)-j: f(t)dt, m=0;

1 1 )
u=-V,-(c—=Vy)x™*-0 ¢ j f(t)-t%dt, m=2,
0
v, ct—-x . .
ne =— <1 0= v ; TYT 1 JaJll 1HTEeTpajad JOPIBHIOIOTH HYJO, KOJM BEPXHS MEXa MEHIIE
c C—V,
HUOKHBOI.

Po3p’s30k  3amauyi  BIAOUTTS  IMIOYNBCIB, IO  HAAXOASATh 3  HECKIHYEHHOCTI,
F (Ct + X), (m = 0) i X -F (Ct + X), (m = 2) BiIl pyXOMOi BiIbHOI TpaHWI, Ha KOTpii
ou

c=0, Tto6TO 8_:0 (11 ymoBa HaONMXKEHO peali3yeTbcs Ha pPYyXOMOMY Topli), 13
X
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3acToCyBaHHAM (GopMmy (5) mpuitMae HACTYITHUHN BUI:

u:F(ct+x)+(

(1+q) -
2 (1-q) 1 & o2
———2x.0 |1 -Fi(c+V,)tidT |, m=2.
q (1+q) _([ {( 0) }

dopmyna (6) mae mpoctuil (izuuHMN 3MicT. SIKIIO Manayuil iMIYJIbC Ma€e MPOCTOPOBY
OPOTSDKHICTH A - F(X)Ze 1o3a TPOMDKKY JOBXHHHU, TOAI BIAOUTHH IMITyJbC Ma€ MEHIIY

(1+q)

Eneprist nagaroyoro immynscy W, =E - S - [F'(S ):' dS , a Big6uroro —

. '
MPOTSDKHICTE d =

) 2
W =E-S,- j (1+q)s ds . ®)

(1-a)
3aMiHIOIOUYH 3MiHHI Y IPYrOMY iHTETrpai, 3HaXOAUMO:

S
(1+q)
TOOTO IMITyJIbC JOBUIBHOT (JOpPMHU TicHsl BIIOWUTTS BiJ PyXOMOi Ha3ycTpid KWOMY BUIBHOI TpaHUII
(1-a) _ 29
(1+q) 1+q

©)

BTpavac YacTUHY EHeprii, ska nopisHioe 1 — , KOTpa BUHOCUTBCS pa3oM 3 MaTepiajiom,

o . . . . X
O BiAinseTses Bin crpwkns. Ha puc. 2, BianosimgHo a, 6, y Ge3po3MipHMX KOOpAMHATax & = —

a
MOKA3aHUH Ma/latouuii IMITyJIbC OJMHUYHOI aMIUTITYIM ¥ BIAOMTHI IMITYJIbC Y MOMEHT HPOXO/IKEHHS

{ponty uepes Touxy & =2, a Takoxk TOJIOKEHHS TOPIS CTPHKHS (q = 0,2). BinGutnii imMmyssc

(1+4q)
(1-a)

i nuieidy, skuii 3aiiMae pocTip BIPUTYI 0 PyXOMOi rpaHulll. EHeprist BIIOMTOro XBUIILOBOTO TOJIS
Oynie 3anexxaTy BiJ (popMH iMITyibca, i IPOCTOr0 (OPMYJIIO0 HE MOKe OYTH OMHCaHa.

Po3B's3ku (5) MOXHa OTpHUMAaTH, 3aCTOCOBYIOUHM /IO PIBHSHHS pyXy W TI'paHUYHOI YMOBHU
nepetBoperHss Dyp'e 1o dacy, mnomepeaHbO TMEPEXOIYd JO HOBOI HE3AIEKHOI 3MIHHOL

X, =X-Vt i, y Bumagky KOHIYHOrO CTPMKHS, 3aMIHIOIOUM HEBiZOMY  (YyHKIO

CKJIAIA€THCS 3 TOJIOBHOI YAaCTUHM, 1110 MA€ y paziB MEHIIly TOBXKHHY, HUK MEPBICHUM IMITYJIbC,

. . -1
cmiBB1HOIIeHHsIM U = X -Ul.

IIpu M =1 pieusunusa (1) He Omyckae poO3B’A3KiB THUITY X" -\|I(CtiX), a mepexiJ 10

PYXOMOi CHCTEMHU KOOpAWHAT MPU3BOJAUTH 1O PIBHSAHHS 3 HEPO3AUIBHUMH 3MIHHMUMU. Tomy
HeOOX1HO 3BEPHYTHCH /10 IHTErPaIbHOTO MPEACTABIECHHS PO3B'A3KY pIBHIHHS (1) y BUITISAA1 XBUIIL,
sKa iJ1e y HECKIHYEHHICTh:

u= IF(t—— Chnjdn (10)
0
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6)

23

133 2 (

Puc. 2. [1apinns Ta BiZOUTTA IMITYJIbCY BiJI PyXOMOT'O TOPIIS IMUTIHIAPHUYHOTO CTPYOKHS
a — MAJAF0YHN IMITYJIEC OJIMHUYHOI aMILTITY/IH Y MOMEHT IPOXOKEHHS (DPOHTY Yepe3 TOUKY
& =x/a=21nonoxeHHs Topus cTprwxHs =0,2; 6 — BIIOUTHH IMITYJIEC BiJI pyXOMOTO TOPIIS

CTPYXKHS
Tyr F — noBinbna Qynkuis, ska 3aJ0BONBbHSAE IEIKAM YMOBaM HAa HECKIHYEHHOCTI.
3aMiHIOIOUYY 3MIHHY 1] CIIBBIJHOIIEHHSAMHU!
)
(x2 + 22) dz
ch(n)=———, dn=——3;. (11)
X (x2 + zz)

13 ypaxyBaHHSIM Ti€i 0OOCTaBMHM, WO CJIiJ 3aJ0BOJIbHUTU HYJIHOBHUM IOYaTKOBUM YMOBaM,
Matumemo piBHAHHA (10) y BUrIsiai:

T dz
u :I®(ct—x/x2 +2° ) H (ct—»\/x2 +7° )—1/2 (12)
0 (x2 + 22)
[liginterpansHuit  Bupa3 y piBHAHHI (12) BiAMIHHMH Big Hyns Juiie 0Opu
12
O<z <(CZ'[2 —Xz) . Ha ¢ynkiiro @, xoTpy ciin BH3HAYUTH, HEOOXiIHO HAKIACTH YMOBY

O (0) =0, sxa 3a6e3nedye 30iKHICTb iHTErpany.

3aMiHIOIOYHN HE3IeKHY (DYHKIIIIO 32 POPMYIIOH0:

@(a)=g(a). ©(a)=[g(B)B @)

a TaKOXK 3aMIHIOIOYH MOPSAJOK IHTETPYBaHHs, MaTUMEMO 3aMicTh YMOB (12) npeacraBieHHS:
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ct—x t—q - t — 2_ 2
u:jln . \/(CX o) ~X g(a)da,  (14)

a MiJICTAaHOBKOIO Y TPAaHUYHY YMOBY (3) — iHTerpajbHe PIBHSIHHSA:

(et (ct—a)

o (ct—a) -V

SAnpo mporo piBHSHHS 3a BEPXHBOI MEXKI IHTETpYBaHHS Bejae cebe sk |:(C —Vo)t —a]%’

g(a)do=-Vt-f(t). (15

TOOTO Ma€e KOPEHEBY OCOOIUBICTD.

BukopucToByroun po3B's30K IHTErpajibHOTO PIBHSAHHA AOemns I g( ) da= X(B), SIKUI

BHU3HAYAETHCS POPMYIIOL0:

_ 1 x(e)
B)_H _([\/ﬂdoc, (16)

3 Bupasy (15) orpumaemo iHTerpanbpHe piBHSIHHSA BonbTeppa apyroro pomy:

@)+ [Q(oB) h(B)AP=P(a). a7

ac:

(oB)=

; Q
N kZ'(Ot aB Otl jE
B oy ey 8 ()

s

k* = ( o—p j, E (k) ta K (k) — MOBHI eNiNTHYHI iHTErpamd APYroro Ta MepIIOro POy
a—0B
B1AMOBIIHO, [1 — HOpMYIOUHMIT MHOKHHUK.
PiBastHHs (17) 3py4HO pO3B’S3yBaTH UYHCENbHO, OCKUIBKH HOTO SIIPO BUPAKAETHCS uepe3
n00pe BUBYEHI crienianbHi (yHKIii. XBUIbOBE M0JIE MOTIM MO>KHA 00UHCIINUTH 3a popmyiioro (14).
Mo>Ha BKa3aTy i HIINHA croci0 po3B'sI3Ky 3a/1ai, IpUIATHUHN ISl YaCTUHHOTO BUAY (DyHKIIT

f(t). SIkiio f(t):A-tn, TO (QyHKIIIT S:C_)f[’ U(X,t)ztn_l- f(S), MaTHMEMO HACTYITHY

KpaioBy 3ajauy JUIsd 3BHYAtHOTO 1U(EepeHIiaTbHOTO PIBHAHHS:

(1—52) f”(s)+(1+ 2nsz) f'(s)-n(n+1)s- f(s)=0,
f'(q)=cA, f(I)=0.
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[lepmra rpanyHa yMOBa BUIUIMBAE 3 BUpasy (3), a Apyra - BUTIKA€ 3 YMOBHU MEPETBOPEHHS Y
HyIb Tiepeminiens npu X = Cl. PosrisiHeMo BHIagOK MOCTIHHOT y Yaci BEMYMHUA HABAHTAXKCHHS

P .. . . .
f (t) = —E . Binnmosigae nudepeHiiaabHe piBHIHHS

s(l—sz)f”(s)+ f'(s)=0 (19)
IIPY YMOBAX:
f'(q):_PoE’C, £(1)=0 (20)

Ma€ PO3B’S30K:

- E ]__q2 S

_Rooat o 1++/1-¢? N

1-s° ¢, (21)

Posnonin U sik QpyHKIIT aBTOMOIENBHOT KOOpAUHATH S HaBeaeHuil Ha puc. 3. [Ipu 3ananomy
 rpadik cuixg posrmsimat y mpomikky ( < S <1, sikuii Bigmosinae Vjt < X < Ct. 3asnaunmo, 1o

3aBJASKU aBTOMOJIENILHOCTI Bupa3y (21) rpadik qae moBHE ySBICHHS PO XBUJIBOBE MOJIE Y CTPUIKHI
3a Oyap-sakux X Ta .

U

S

)
a5 7
Puc. 3. Po3nonin nepeminiens y mapaboaidyHOMY CTPHIKHI K (PYHKIIIT aBTOMOJIEIbHOI KOOPAMHATH

V BUNaJIKy JOBiTBHOT 32J1EKHOCTI IPUKIAAEHOTO THCKY BiJl acy cliji HabmimkeHo moxaty | (t)

y BUIIsAl crutaiiHa (Garatounena) Bim [, a mortiM moGymyBartét po3B’s30K 3amavi 3a TPUHIIATIOM
CYTIEPITO3HIIIi.
SIKuIo % TS BiATBOpeHHs ocobnuBocteit f (t) TUIY IIBUAKO3MIHHUX Yy yaci QyHKIiH M 11

MOX1HOT, ciIiJ MO0y yBaTH O6araTo-4jieH BUCOKOTO CTYIEHIO, TO BUTIIHILINM € PO3B'SI30K PIBHSAHHS
(17), a moTim ciig 3actocoByBaTtH opmyiy (14) ayist oGUKCIIeHb.

BucHoBku:

1. HaBexena meronuka po3B'3Ky 3a4ad BIIOUTTS IMIIYJIbCY, SIKUM PO3MOBCIOMKYETHCS Y
CTPUXHSAX (MOJIETb KaHATIB), KOTPl MarOTh PI3HY 3aJEKHICTH IJIOLIl MOMEPEYHOTo Mepepi3y BiA
T03710BKHBOI (BrojoBxk Bici 0X) xoopaunatn X . Ilpy 1bOMY BilbHa MPaHUIIS CTPUIKHS PYXa€ThCs
3aJlaHUM YUHOM. {71 IMITIHAPUYHOTO Ta KOHIYHOTO CTPIIKHIB/KAHATIB OTPUMAaHi SBHI aHATITHYHI
dbopMynu Ui iepeMilieHb. Y napadoioifagbHOMY CTPUXKHI TaKuX (GOpMYJ OTpUMATH HEMOKIHUBO,
TOMY BCTAaHOBUTH Y OCTAHHIX 3arajibHl 3aKOHOMIPHOCTI BIIOMTTS IMIYJBbCIB BIJ PyXOMOTrO KiHIIS
CTPIMDKHS/KaHATy JOBOJI BaXKKO. 3pO3YMUTUM € JIMIIE T€, L0 MpPHU BIAOUTTI €HEpris XBUIHOBOTO
PYXY 3MEHIIYETHCS Y CTPHIKHAX TaKOTO TUITY.

2. OrpumMaHi y poOOTi pe3ylbTaTH MOXYTh y TOJAIBIIOMY CIYTyBaTH Ui YTOYHEHHS U
BJJOCKOHAJICHHSI 1CHYIOUMX METOJIIB PO3pPaxyHKY JAMHAMIYHUX HAaBaHTAKEHb Y KaHATHUX CHCTEMax
BAaHTKOMITHOMHUX MEXaHI3MIB KpaHiB, NpU aHali3i BHMHUKAIOYMX Yy THYYKHX MiJBicax
PI3HOMaHITHUX XBUJIEYTBOPEHb SK Ha CTaAisIX IPOEKTYBaHHS/KOHCTPYIOBAHHS TaKHUX CHCTEM
niaiioMy BaHTaXy (IIaXTHUX MITAOMHHKIB), TaK 1y peKHUMaXx IX peaibHOT eKCILTyaTallii.
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Abstract. In the article the boundary value problem on the elastic longitudinal waves motion
in the load lifting cranes and mine mechanisms variable length ropes is considered. Solutions of the
Cauchy problem, which describe longitudinal oscillations propagation in the ropes (flexible
suspensions) as in areas with moving boarders, are found. Displacements and stresses dynamic
fields in variable length steel ropes of the specified load lifting mechanisms are investigated.
Usually the ropes are balanced, and the main rope carries concentrated stress which before the
systems movement was at the main ropes lower end. Dynamic forces in perfectly elastic variable
length steel ropes estimation is shown, that only when lifting ropes without end loads under non-
integrated boundary conditions, their efforts do not increase. However, practical experience shows
that this phenomenon is not observed at moderate lifting speeds due to the fact that along with the
dynamic forces amplitudes increase. Due to the decrease in length there is a simultaneous decrease
in the amplitudes of their oscillations. The object of analysis refers to a wide range of variable
length oscillations one-dimensional objects. A classical mathematical model to describe oscillations
and waveforms is used. When studying wave fields in areas with moving boundaries the reflection
of pulses from such boundaries is established. Elastic type waveforms in variable length rods (rope
models) taking into account the fact that these rods have circular cross section of variable (length of
rope/rod) area (rods are cylindrical, rotational paraboloids form, conical rods) is considered.
Method based on the possibility of constructing wave equation from waves reflected from fixed and
moving given boundaries of a semi-infinite domain solutions is applied.

Keywords: rods, variable length, models, dynamic analysis, elastic waveforms, ropes, load
lifting mechanisms.
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Abstract. The paper deals with the modeling and optimization of the processes of movement
and acceleration of a bridge crane trolley in the mode of damping uncontrolled oscillations of the
load. For the dynamic system of a flat pendulum with vibration damping, which describes the
oscillations of a bridge crane load on a flexible rope suspension in a separate vertical plane, it is
proposed to use third-order time splines that model the motion and acceleration of the load
suspension point in the horizontal direction of the trolley's movement.

To determine the time dependence of the angle of deviation of the crane from the gravitational
vertical, it is proposed to use the methods of classical calculus of variations (Euler-Poisson
equation), which allow optimizing (minimizing) the value of this angle in the process of
accelerating a trolley with a load suspended from the ropes of an overhead crane.

An analytical solution to the problem of damping residual uncontrollable oscillations of the
overhead crane load, which usually occur after full acceleration or braking of the load suspension
point on the trolley, is obtained. To derive the dependencies, an analytical approach was used to
calculate the value of the angle of deviation of the overhead crane's cargo rope from the
gravitational vertical, depending on the acceleration and displacement of the load suspension point.

The problem of loosening of a load moved by an overhead crane is considered and solved in a
new way that allows to completely avoiding pendulum spatial oscillations of the load on a rope
suspension. The mathematical apparatus of linear algebra (Kramer's rule, in particular) is used,
which allows us to establish analytically the law of time motion of a rope with a load, the angle of
deviation of which from the vertical takes minimum values in the process of acceleration of the
cargo trolley.

Keywords: overhead crane, load trajectory, vibration damping, sway, optimization,
movement, acceleration, trolley, rope.

Introduction. The movement of loads by overhead cranes with a non-rigid rope suspension
of the load causes pendulum oscillations of the load, in which there is an uncontrollable component.
Such oscillations significantly increase cycle time, reduce productivity and work safety [1-3]. The
danger of collisions of cargo with objects present in the movement zone increases, and damage to
the cargo itself, other objects and the overhead crane itself is also probable. In this context, it is
advisable to fully extinguish the uncontrolled component of pendulum oscillations of the cargo both
during its movement and when the cargo reaches the target point [4]. This is especially relevant
when moving hazardous cargo: containers with liquid metal (in metallurgical shops), flammable
liquids, etc.

It should be noted that the movement of goods on a flexible rope suspension, which is carried
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out, in particular, supported on one or two beams of a general-purpose overhead crane, it is
advisable to conduct exactly in the mode of damping of the above uncontrolled oscillations of the
cargo, and for complete damping of the residual component of the pendulum load oscillations
during its movement in a separate plane it is possible to move the point of cargo suspension (cargo
cart, or bridge of an overhead crane) by the given analytically time dependence (trajectory). Such a
displacement, which is possible with the use of mechatronic control systems of the movement of the
cargo cart by overhead cranes, will not only destroy the residual uncontrollable component of
vibrations, but also provide a predetermined time dependence of the angle of deviation of the cargo
rope by overhead cranes from the vertical.

Analysis of recent research sources and publications. Known methods for synthesizing the
trajectory of the suspension point [3, 5-12] have a common disadvantage in the form of a relatively
large error in the realization of both the angle of deviation of the cargo rope of the bridge crane
from the vertical and the linear coordinates of the moved cargo. Typically, the angle of deviation of
the load rope of the overhead crane from the vertical is not monitored and controlled, and the time
of movement of the cargo increases.

Normalized controlled deviations of the overhead crane cargo rope from the gravitational
vertical when moving loads are necessary. It is impossible to give the load horizontal acceleration
without deviations of the load rope from the vertical! But it is advisable that these deviations are of
short duration and do not exceed the specified limits.

Analytical dependences of optimal and quasi-optimal control modes of a pendulum system
with a movable point of suspension for the problem of the fastest acceleration (braking) with
damping of oscillations are known [4]. Restrictions are imposed on the velocity and acceleration of
the suspension point. The disadvantage of the known method: only small oscillations of the
pendulum around the equilibrium position are considered, the absence of a certain (limiting) value
of the angle of deviation of the cargo rope of an overhead crane from the vertical. The optimal
control has a relay character: the acceleration of the suspension point takes only marginal values.
The dampening of oscillations of the pendulum does not occur during the entire time interval of the
work cycle, but only at the end of acceleration or displacement of the system [4].

There are known works on the solution of the speed problem for a nonlinear pendulum
(bringing a nonlinear pendulum to a stable equilibrium position) [13, 14]. However, a system with a
fixed point of suspension and a moment applied along the angular coordinate of the pendulum are
considered. In addition, the known works do not take into account energy dissipation. The equations
of a pendulum with a fixed point of suspension are not suitable for describing the problem
considered in this paper both in terms of structure and in terms of the parameters included in them.

When solving the problem of damping of oscillations of loads on a rope suspension with a
movable upper point of suspension (with a movable base), such modern approaches as the use of
proportional-plus-derivative controller and proportional plus derivative controller [5-9], the
apparatus of fuzzy logic [3-10] and shaping algorithms [11, 12] find application. They are used to
control the trajectory of the upper point of cargo suspension.

In [15, 16], an algorithm has been developed that, given the constraints in the form of
maximum velocity and acceleration of the movable cargo suspension point on an overhead crane
(cargo truck), synthesizes continuous (step less, non-relay) control of the suspension point by means
of frequency-controlled drives for overhead cranes. A number of overhead cranes currently in
production are equipped with such drives. The algorithm also takes into account the possibility of
large angles of deviation of the load rope from the gravity vertical, which increases the speed of
movement and performance of overhead cranes. On the limiting value of the deflection angle of the
cargo rope during acceleration and braking of the overhead crane in this case are imposed tight
restrictions in the form of its exact achievement. Fulfillment of this condition, according to the
authors [15, 16], significantly increases the performance of overhead cranes, taking into account the
achievement of maximum values of speed and acceleration of the moving point of suspension.
However, this approach and its implementation involve significant difficulties and require complex
electronic and mechanical equipment. In addition, in the above algorithm, according to the authors
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of this study, the cause-and-effect relationships in this technical system are broken, because the
initial one is the time dependence of the deflection angle of the rope with the load on the gravity
vertical, which is set in advance, and the movement of the cargo cart is regulated by this
dependence (the deflection angle of the rope from the vertical in time), although by logic should be
the opposite.

This incompatibility is eliminated in this study. In addition, the optimal trajectory of the cargo
cart motion is found, by which the acceleration of this motion is minimized in the process of
acceleration of the cargo cart to a stable, normative value of the speed of motion. Modeling,
analysis and optimization of cargo cart movement by overhead cranes which in its turn causes
minimal deviation of cargo from vertical and reduces essentially arising pendulum vibrations in
overhead cranes are based on the results obtained in papers [17-20].

Goal and objectives. The aim of the work is to substantiate the physical-mechanical and
mathematical models, which adequately describe and optimize the processes of displacement and
acceleration of the cargo crane truck, which operates in the mode of damping of uncontrolled
residual oscillations of the cargo. The mathematical apparatus of classical calculus of variations,
mathematical physics and theory of ordinary differential equations was used to achieve the goal.
Determination of regularities of a cargo cart movement is based on a spline approximation in time
and a functional dependence of the deflection angle of an overhead crane rope with a cargo on
linear algebra apparatus and methods of solving non-uniform differential equations of a high order
of a linear type.

Research methods.

1. Problem formulation. In the given research the mathematical model of the plane pendulum
with the moving point of suspension was accepted that was comprehensively analyzed by the
authors [15, 16]. During computational (numerical) experiments on the PC it was established that
for small values of deflection angles of ropes with a cargo (<5°) spatial oscillations of the cargo can
with a relatively small error represented as a superposition of vibrations in two mutually
perpendicular planes. As in the works cited above, for the flat pendulum system, the following
designations were adopted: m — weight of the cargo, kg; L — length of the cargo rope with bridge
cranes from the movable point of suspension on the load cart (the center of the pulley block of the
chain block) to the center of cargo mass, m; b — the viscous friction factor reduced to the angular
coordinate, which sets the measure (level) of energy dissipation, N-m-s/rad; q,d,§— angle of

deviation of a cargo rope by bridge cranes from a gravitational vertical and its first two derivatives
in time, respectively, rad, rad/s%; g=9.81 m/s*> — free fall acceleration; % — linear acceleration of a
cargo suspension point in a horizontal direction of a cargo truck motion, m/s%.

The system of a plane pendulum in "big" variables (deviations of a cargo rope over (10...15)°
are admitted), is described by known non-linear differential equation of the second order [21-24]:

G+(2b/m)-g+(g/L)-sing+(%/L)-cosq=0. (1)

During the research, assumptions were made about the constant length of the cargo rope L in
the process of moving the cargo, about the step less nature of speed x and acceleration X control of
the acceleration and deceleration of the load suspension point (cargo bogie of the overhead crane,
which provides mechatronic drive speed control system) in the horizontal direction and about too
little influence of the mass of the moved cargo and moving links of the crane on the controlled
parameters of the speed x and acceleration x of the suspension point.

In the following an elementary cycle of movement is considered. The cargo from a resting
state on a vertical rope suspension is moved by an overhead crane for some given distance for a
certain time period. After moving (at the moment of time z,— duration of acceleration) the cargo is

also in a state close to rest (¥,__ =0;q,,__ =0;¢,__=0), ie, in the state of no residual
=7p t—z'p t—rp
oscillations. Thus, in this problem there are terminal conditions for x(t) and q(t).

This study uses a mathematical model of a flat pendulum for small deflection angles of the
load rope (sinqg~(q, cosq~1) to obtain analytical expressions x(t), q(t), satisfying certain criteria
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for the quality of motion of the "cart — wire rope — load" system of an overhead crane. Therefore,
after linearization, the second-order differential equation for the above flat pendulum takes the
following form [21-24]:
G+X/L+(2b/m)-g+g-q/L=0. @)
2. Optimization of the "load bogie — rope — load" system movement mode of an overhead
crane during its acceleration te [O,ij
From equation (2) it is easy to determine the following relation:
X=-L-(§+2bg/m+g-q/L). (3)
Let's set the conditions under which during the acceleration period of the system (t € [O, rp])
the following criterion for the quality of this movement is met:

. 1/2
{ 1 7 2 } .
I ={=- [(®?dt; =min, (4)

o )

i.e. minimizing of inertial forces acting in this system during its acceleration period. The necessary
condition for realization of criterion (4) is the Euler-Poisson equation:

x(V) =0, (5)
The solution of equation (5) is found in the following form:
X(t) = Ag+ A t+ Ay 12+ Ag -3, (6)

For finding the unknown constants Ao, A1, 42, Az we employ the following terminal

conditions:
X|'[=O =0; X|t:0 =0; X|t=0 =a, ).(.|t=2'p =0, (7)

where: a is the acceleration at the beginning of overhead crane's load carriage acceleration.
Substituting (6) into all conditions (7), we obtain:

Ay=0; A =0; Ap=al2; Ag=-al(6ry). (8)
Therefore, expression (6) takes the form:
a. a .3
t)=—-t°——-t° 9
H0=5 g ©)
Further, to analyze the law of motion of the rope with the load q(t) we find:
X(t)=-alrp. (10)
Using equation (2), determine the value of q(t) for any point in time t e [0,7,]:
q:%-%kfl—q—zbq/m}. (11)

Let's determine, according to the known law x(t) (9),subject to what conditions q(t) the
following criterion for the quality of motion of the system is fulfilled:

- 1/2
=12 [q2@dt} = min, (12)
that is, the standard deviation of the angle q(t) from the gravitational vertical during the
acceleration period of the load carriage according to the law (9) acquires minimum values.
For the implementation of the movement quality criterion /; (12) the Euler-Poisson equation
is a necessary condition (with x(t) the given time function — (9)):
q") - (4b?/m?)-4=—(2b-a)/(mL 7). (13)

The characteristic equation for (13) with the right part equal to zero (i.e. for the homogeneous
equation that follows from (13)) takes the form:
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24— (4b?)/(m?)- A% =0. (14)
Consequently, the roots (14) acquire the following values:
A=Ay =0; Az3=2b/m; Ay =-2b/m. (15)
Find the partial solution of (13) in the form:
Upart. =B 2 (16)
Substituting (16) into (13), we easily find:
B=(a-m)/(4L-b 7). (17)
Therefore, the general solution of (13) can be represented as follows:
2b 2b a-m-t?
t)=Cop+Cq-t+C» - —t;+Cy- -t 18
0=Co 011Gz 29[ 1} 1G5 ol 2.1 21 o
To find the undefined constants Co, C1, Cz, Cs use the following terminal conditions for q(t):
q|t=0; q|t:o =0; q|t:z'p =0; q't:z'p =0. (19)

Substituting (18) into the conditions (19), we find a system of linear algebraic equations for
finding the constants Cy, C1, C», Cs of the following kind:

C0+C2+C3=O;
2b 2b
C1+—-Cr——-C3=0;
1t 2T s
2b 2b a-m-zj (20)
Cop+Cq-7p+Cy-exps—- +Cg-expy——- + =0;
otlr1-7p+tLy D{m Tp} 3 IO{ m Tp} aL-b

+—=
2L-b

The linear inhomogeneous system of equations (20) for finding the coefficients Co, C1, Cs, C3
is easily solved using a standard linear algebra procedure (Cramer's rule). The result for the
coefficients Cy, Ci1, Cy, C3 in (18) will have:

2b 2b 2b 2b a-m
Ci+—-C,-expi—- ——.Cq-exp{——- 0.
1+ 2 p{m Tp} m 3 P{ - Tp}

a1y 812 413 A4
dp1 App Apz Apy
A= ;a1 =Lapy =0ja31 =Liag; =0a1p =0ja, =Lag, =7pjas =Lagz =1

az1 @z azz dzg

ag1 Aqp A43 Agq

fya =225 —exp{z—b-r }'a —(Z—b-r j'a _ta, =22, —exp{—z—b-r }'a —(—Z—bj- 1)
23="_"i833 - Tp 1843 =| Tp [i41a =Lape =~ a3 —Tp (1844 -
-exp{—z—b-r }
m P[
amr am
=0b, =0bg=——— by = ———
by =0iby =0ibg == T =bs = =51
ACy AC, AC, ACs
Co=—2:C =—1;Co =—2;C5==22, 22
0=—Ci=— G === Cy=—1 (22)

where the value ACy,AC;,AC,,AC3 can be found from the relations (23).
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by a10 a13 a4 a1 by a1z a4 a1 a2 by agy

by azy apz an azq by axz ags apq agp by an,
ACO = ; ACl = ; ACZ =

bz azp az3 azs azy bs azz azs azy agp bz azs

by asp as3 as4 agy by ag3 ag4 g1 Agp by Ay

(23)
a1 a2 a3 by

apq app axz by
AC4 = iy
dgp azp azz 03

ag1 42 43 by

Note that the found analytical expression for qg(t) from the relations (18)-(23) satisfies the

quality criteria for the movement of the system 7 (4) and 1 (12) and virtually eliminates residual
uncontrolled pendulum oscillations of the load on the rope by overhead cranes.

Findings:

1. The physical-mechanical and mathematical models of the movement of the system "load
bogie — rope — load" of an overhead crane are substantiated.

2. For the above model of motion the laws of motion of a cargo cart and the angle of deviation
from the vertical of a rope with the cargo by overhead cranes have been established which minimize
these deviations from the gravitational vertical, reduce undesirable uncontrolled residual pendulum
oscillations of the cargo by overhead cranes. At the same time, the forces of inertia of the cargo
bogie arising in it during its acceleration period are also minimized while it is following to the
established parameters of motion (i.e. the movement of the cargo bogie with constant normative
speed after the end of the acceleration process).

3. The results received in the work can serve further for specification and improvement of
existing engineering methods of calculation of kinematic-force parameters of movement of
mechanisms of rise and transportation of cargoes by overhead cranes, and also crane systems of
other types as at the stage of designing of similar complex technical systems, and also in modes of
their real operation.
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MOJEJIIOBAHHSA TA OITUMIBALIIA MTPOIECIB HEPEMIINEHHA I PO3I'OHY
BAHTAKHOI'O BI3BKA MOCTOBOI'O KPAHA Y PEXKXUMI I'ACIHHA
HEKEPOBAHUX KOJIMBAHb BAHTAXY
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YKuiscoruii HayioHanbHUll YHieepcumem OyOIBHUYMEA ma apXimeKkmypu
[ToBiTpodnorcbkuii mip., 31, M. Kuis, 03037, Ykpaina

AHoTanisi. Y po0OOTi mpoBeJeHE MOJECITIOBAHHS Ta OINTHUMI3allisl MPOIECIB MEePEeMIlIeHHS 1
PO3TOHY BaHTAXHOTO Bi3Ka MOCTOBOTO KpaHA y PEKMMI T'aCiHHS HEKEPOBAHHUX KOJIWBAaHb BAHTAXKY.
Jlyis nUHaMIYHOi CUCTeMHM IUIOCKOTO MasTHHUKA 13 3aTyXaHHSIM KOJHMBaHb, KA ONUCYE KOJMBAHHS
BaHTa)Xy MOCTOBOTO KpaHa HAa THYYKOMY KaHATHOMY ITiJIBiCi y OKpeMiil BEPTHKAIbHIA TUIONIHMHI,
3aMpoIOHOBAHO BUKOPHUCTOBYBATU CIUIAWHU MO 4Yacy TPETHOTO MOPSAKY, SIKI MOJENIIOITh PyX Ta
MIPUCKOPEHHS TOYKH MiABICY BAHTAXY Y TOPU30HTATLHOMY HAIIPSIMKY PYXYy BAaHTQ)KHOTO Bi3Ka.

Jlnis 3'acyBaHHS 4acoOBOI 3aJIEKHOCTI KyTa BIAXWJICHHS] BAHTQXXHOTO KpaHa Bif rpaBiTaliifHOl
BEPTHKAII 3aIPOTIOHOBAHO BHKOPUCTATH METOJIU KJIIACHYHOTO Bapial[ifHOro YHCIICHHS (pPIBHSIHHS
Eitnepa-Ilyaccona), KoTpi 103BOJISIOTH ONTUMI3YBaTH (MiHIMI3yBaTH) BEIHMUYMHY BKa3aHOTO KyTa y
MIPOIIECi PO3TOHY BAaHTAKHOTO Bi3Ka 3 BAaHTaXKEM, IiABIIIICHUM Ha KaHATi MOCTOBOTO KpaHa.

OTpuMaHuii aHANITUYHUA PO3B'A30K 3a/ladyl raciHHS 3aJMIIKOBUX HEKEPOBAHUX KOJMBAHb
BaHTa)Xy MOCTOBOTO KpaHa, SIKi 3a3BHYaii BUHUKAIOTH MICJIS IIOBHOTO PO3TOHY YH TajlbMyBaHHS
TOYKHM IMIiJBICY BaHTaXy Ha BaHTAXHOMY Bi3Ky. JlJis BUBEICHHS 3ale)KHOCTEH BHKOPUCTAHHIMA
AQHATITUYHUA TIAXIT 3aU19  PO3pPaxyHKY BEIMYMHU KyTa BIJXWJICHHS BAaHTAXHOTO KaHATY
MOCTOBOTO KpaHa BiJ TpaBiTalliiHOT BEPTHKANl Yy 3aJIe)KHOCTI BiJl MPUCKOPEHHS 1 MEepeMileHHS
TOYKH I1/IBICY BaHTaXYy.

Posrnsinyta mpoOriema po3XUTYBaHHS BAHTaXy, SKHH TMEPEMIIIyeTbCS MOCTOBUM KpaHOM,
BHpIIIICHA HOBUM CIIOCOOOM, KOTPHUH JIO3BOJISIE MOBHICTIO YHUKHYTH MasTHUKOBUX IPOCTOPOBUX
KOJMBaHb BaHTaXy Ha KaHaTHOMY minBici. [Ipu 1iboMy BUKOpHCTaHUN MaTeMaTHYHUN amapar
niHiHOT anrebpu (mpasuino Kpamepa, 30kpema), sKuii 103BOJISE aHATITHYHUM IIJITXOM BCTAHOBUTHU
3aKOH pyXy Y dYaci KaHaTy 3 BaHTaXeM, KyT BIAXWUJIEHHS KOTPOTO BiJ BEpTUKAIl MpHiimMae
MiHIMaJIbHI 3HaYEHHS Y MPOIEC] PO3TOHY BAaHTAXXHOTO Bi3Ka.

KurouoBi cjioBa: MOCTOBHI KpaH, TPA€eKTOpisl BaHTaXYy, TaciHHS KOJIHMBAaHb, PO3XUTYBaHHS,
OMTHUMI3allis], IEPEMIIIICHHS], PO3TiH, BAHTAXXHUH BI30K, KaHAaT.

Crarts Hagidnura qo penakimii 19.04.2023
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MOPIBHAJIbHUI AHAJII3 METOIUK BUMIPOBAHHA AJITE3II PEMOHTHHUX
PO34YHUHIB 3 CYXUX BYAIBEJBbHUX CYMIIINEHA 1O BETOHHUX ITOBEPXOHb

1Fe11y.115m C.1., k.T.H.,

shedulian@ogasa.org.ua, ORCID: 0000-0001-5732-6042

' AnToniok H.P., X.T.H., TOIICHT,
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leBuenko T.I., x.T.H., TOLICHT,
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'Berox O.M., x.T.H.,
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Y00ecora oepoicasHa akademiss 6yO0iGHUYMBA Ma apXimeKmypu
ByIL. Jlinpixcona, 4, M. Oneca, 65029, Ykpaina

AHoTanigs. B crarri HaBemeHa 3arajgbHa OI(IHKA IIOKa3HUKIB aArei3iiHOl MIIHOCTI
MOJIMEPLEMEHTHUX PEMOHTHUX KOMIIO3UTIB /0 OETOHHOI OCHOBM Ta BHU3HAYEHHS CTYIIEHIO
MOBTOPIOBAHOCTI PE3yJIbTATIB BUNPOOYBaHb MPU 3MiHI METOIWK ii BUMIpIOBAaHHS Yy BiJIOBITHOCTI
710 YKpaiHCHKOI'O Ta €BPOINEHCHKOI0 CTaHJapTiB.

[Tix 9ac ekcriepruMEHTATIBHUX JTOCIIPKEHh OTPUMaHI JaHi I0/10 TTOKA3HUKIB aAre31iMHOT MIITHOCTI
OJTHAKOBUX LEMEHTHHUX 3pa3KiB PEMOHTHUX PO3YHMHIB Ha OCHOBI CyXWX OyIiBENbHHX CyMIILCH st
PEMOHTY Ta BiJJHOBJICHHSI OCTOHHHMX Ta 3ai300€TOHHMX KOHCTPYKIIH Ta CHOpYy[J Y pIBHUX yMOBax 3a
PI3HUMHM METOJMKaMU IPOBEACHHS BHUMIPIOBAaHHS, OTPHUMAHO PO3MOJAUI 3a OTPUMAHHUMH KJIACaMH
PEMOHTHHX KOMITO3HTIB BPaXOBYIOYH BUMOTH 000X CTaHAAPTIB 32 MOKA3HUKOM aAre3iiHOT MIITHOCTI.

OTtpumaHi AaHi NMOKa3ylOTh, 110 33 METOJAMKOK BHMIPIOBAHHS 33 YKpPaiHCHKMM CTaHIapTOM
nepeBakHa OUTBIIICTD JOCTII)KYBAaHUX 3Pa3KiB PEMOHTHUX PO3YMHIB HA OCHOBI CyXUX OyJlIBETbHUX
CyMilllel MOKa3ajdl CXOXI pe3yJbTaTH BUMIPIOBAHHS, IO CBITYUTH NMPO BUCOKY MOBTOPIOBAHICTH
pe3ysIbTaTiB METOJUKM BUMIpIOBaHHS. TakoX cepel YyCiX IOCHiIPKyBaHUX 3pasKiB 30epiraerbcs
BUCOKHI BiZicoTOK BTpatH aaresii 3a AF-S ta CF-S kiacamu Ta KiJbKICTh KOHCTPYKLIHHUX KJIaciB
cepell JOCIIKYBAaHUX KOMITO3HUTIB.

€Bporneiicbka METOIMKa BUMIPIOBAHHS Ha TUX CAaMUX 3pa3kax Ta ETaJOHHUX OETOHHUX
IUIMTaxX MOKa3ajga 3HAYHO OUIbIlY KUIBKICTh 3pa3KiB 3 BIAXWUJIEHHSM BIJl CEPEJHHOTO MOKa3HUKA
anaresii, MEHIIy KUIbKICTh 3pa3kiB 3 BTparoro anaresii 3a AF-S ta CF-S kmacamu, HUK4y KUIBKICTb
KOHCTPYKLIMHUX KJIACIB PEMOHTHHMX KOMIIO3UTIB Ta B IIJIOMY Ma€ 3HAUYHO HUXK4YY MMOBTOPIOBAHICTh
pe3yJbTaTiB BUMIPIOBaHHS.

BcraHnoBneHo, 110 €Ki 3 PEMOHTHUX KOMITO3MTIB, SIKI 3@ BUMOTaMM YKPaiHCHKOTO CTaHAAPTY
BUKJIFOYHO 32 MOKA3HMKOM aJre3ii BIANOBIAAIOTh HAWBHUIIOMY KOHCTPYKLIHHOMY KJIacy PEMOHTHOIO
Marepiary PM1, 3a BuMoraMu €BponenchbKoro MoxyTh KI1acH(PIKyBaTUCh JIMIIIE sIK MaTepiany kinacy R3.

KirouoBi cioBa: peMOHTHI po3uMHH, Ccyxi OyiBeNbHI CyMilli, PEMOHTHa CHCTEMa,
KOHTaKTHUH 11ap, ajare3is.

Beryn. Teoperwuni ocHoBW [1-3] peMOHTY Ta BIAHOBICHHS ITOIIKO/DKCHUX OCTOHHUX 1
3aJ11300€TOHHUX KOHCTPYKIiM 0a3yroThCsl Ha CHCTeMHOMY Mifaxoai [4] mig yac BUOOpy martepiaiiB
JUTSI PEMOHTHUX POOIT I TOCSTHEHHS HAHKPAIoro pe3yabTaTy.

BigHOBNIEHHS KOHCTPYKII HE MOXXHa PO3MNIAJATH TEOPETUYHO SIK OKPEMY TEXHOJIOTIUHY
oTiepalliro, MO MOJISITa€ B HAHECEHHI PEMOHTHOI CyMIIlIl Ha TOMIKOKEH1 MUIsSHKH. BOHO € mocuTh
CKJIaJHUM 0araTOCTOPOHHIM TMPOLECOM, IO BKJIOYAa€ €Talnu OOCTEeXKEHHA Ta JiarHOCTUKU
KOHCTPYKLI{, BU3HAYEHHS IPUYUH PYHHYBaHHS, IUTAaHYBaHHS [IPOBEIEHHS PEMOHTHHUX POOIT, BUOIp
HEOOXITHMX MaTepialiiB, CHCTEM Ta TEXHOJIOTIH [5, 6].
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Jly’)ke 4yacTo B OCTaHHI POKM BUKOPUCTOBYETHCS MOHATTS 0AraTOKOMIIOHEHTHOI «PEMOHTHOI
CHUCTEMU», IO BKIIOYAE B ce0€ pEMOHTOBAHUHN CyOCTpaT (MOMIKOKEHY TTOBEPXHIO), IPYHTYBAIbHY
KOMITO3UI[iF0 (KOHTAaKTHHUH Iap), caM PeMOHTHHI marepian (KOMIO3UT) Ta iHIII KOMIIOHEHTH, SIKi
3aJie’KaTh BiJl MPUPOAM IMOLIKOIKEHb, YMOB NMPOBEACHHA poOiT Ta iH. KoxkeH 13 IMX KOMIIOHEHTIB
Ma€ IMEBHUU KOMIUIEKC SKOCTeH, Oe3mocepeqHbO MOB’s3aHUX 13 (akTopamMu IX CKjIaay, SKi
HeoOXiqHi 1yt 3a0e3eUeHHs MOBHOI «CYMiICHOCTI» PEMOHTHOI cucteMu [5, 7].

OpHrM 13 TOJNOBHMX YHHHHKIB B TaKUX «CYMICHHX» CHCTEMaX € MIIHICTh 3YCTICHHS
PEMOHTHOTO KOMIIO3UTY 3 PEMOHTOBAHOI OETOHHOIO OCHOBOI ab0 ajaresiiiHa MIIHICTB. Ko
JOTHYHA Halpyra B KOHTaKTHIM 30HI MEPEBUIIYE MIIHICTh 3CYBY B 111 30H1, HACTA€ BiIIapyBaHHS
1, K HACNIJOK, MOIIKO/UKEHHSI pO34MHY [8], TOMy KOHTaKTHa 30Ha CTapoOro Marepiaily 3 HOBUM
BH3HAYa€ JIOBIOBIYHICTh PEMOHTY.

AHaui3 nociaizkeHb i myouaikaniii. [{octatas aaresis 3a0e3neuye MaKCUMaIbHY MOXKIIUBICTh
CIPUUHSTTSA BIAPEMOHTOBAHOIO CHCTEMOIO poOodoro HaBaHTaxkeHHs [9]. PemonTHa cucrema
epextuHa [10], skmo BoHa 3a0e3mneuye nepenavyy HaBaAaHTAXKCHHs Ta 3a0e3redye piBHOMIPHUH
posnoain Hanpyr B eaemenTi [11]. TakuM YHHOM BEJIHMKY yBary mpu po3poOili pEMOHTHHX CHCTEM
CJIiJT IPUILTUTH BU3HAUYEHHIO MIITHOCTI 3UEIJICHHS. PEMOHTHOTO KOMIO3HUTY 3 OETOHHOIO OCHOBOIO.

Binmiuaerbest [12], mo ocnabneHHS Ta mojaiblie pPyHHYBaHHS 3B’S3KYy PEMOHTHOTO
Marepiany 3 6ETOHHUM CyOCTpaToM MOXe BifOyBaTHCh Y pi3Hi nuisaxu (puc. 1).

Brpara aaresiiinux 3B’ A3KiB

\ )
HEOOCTATHA KOIre31d

HEONOCTAaTHs B PCMOHTHOMY B 6(3'TOHHOM}"
aares3is KOMIIO3HT1 C}"6CTD3’T1

fa<o <fr =5 Ss<o<fi=fa [i<o<S=fy
g . V4 \ <

Puc. 1. Bunu BTpatu aare3iiHoro 3B'a3Ky:
0; — Hanmpyra BHYTPIIIHbOI YCAIKH; Sy — MIIHICTh Ha PO3TATHEHHS PEMOHTHOTO MaTepiaiy,
ft — MIITHICT Ha PO3TATYBaHHS OETOHHOTO CyOCTpary; f, — aaresiitHa MinHICTb [12]

VY 3B’43Ky 3 LM IIPH NPOBEACHHI BUIPOOYBaHb Ha aJre3it0 MOKHA OTPUMATH JIEKUJIbKA THIIIB
pe3yNbTaTiB, 3aJIeKHO BiJ IOJOKEHHS JIiHII, 3a SIKOK B1JI0YBAa€TbCA PYWHYBaHHS aare3iliHOro
3uerieHHs. OKpiM TOro, iCHye JeKiiIbKa MiJX0/1B JJO CAMOT0 MPOLECY BUMIPIOBaHHS.

Hirounit B Ykpaini crapaapt [13] npomnoHye BU3HA4YeHHs MOKa3HMKA aaAre3iifHOi MIIIHOCTI
IUIIXOM BHMIPIOBAHHS 3yCHJUIS BIIPUBY aAre€3UMETpa, 10 MPUKIIAJEHE 10 METaJeBUX BlJIpUBayiB,
PO3MILIIEHUX HA KepaMIYHiH IUIUTLI, sIKa MPUKJICEHA PEMOHTHUM PO3YHHOM J0 OETOHHUX MaKeTiB.

€Bponeiicbknii HOpMaTUBHUN JOKyMEHT [14] Bu3Havae anaresito SK BEIMUYUHY 3YCHUIUIA
BIIpUBY aJre3MMeTrpa, M0 MPUKIAJCHE 10 METaJIeBUX BIJIPUBAYiB, PO3MIIIEHUX Ha «IIaifbax»
PEMOHTHOTO KOMITO3UTY, SKI YTBOpPEHI IMICIS BHUPI3aHHA IX KOPOHKOIO 13 CYHUIBHOTO Iapy
KOMIIO3UTY, 1110 OyB HAaHECEHUI Ha OETOHHY OCHOBY.

IlocranoBka 3agaui. Metoro naHoi poOOTH € 3arajbHa OIIHKA MOKA3HUKIB aarei3iiHOl
MILHOCTI PEMOHTHHUX KOMIIO3HTIB 10 OETOHHOI OCHOBM Ta BH3HAYEHHS CTYIEHIO MOBTOPIOBAHOCTI
pe3yabTaTiB BUNIPOOYBaHb NPU 3MiHI METOAMK i BUMIPIOBAHHS y BIJIMOBIHOCTI JI0 YKPAiHCHKOTO
[13] ta eBpomneticvkoro [14] ctanmapris.

Marepianu Ta MeToAMKA NOCTiKeHHs. 711 NpUroTyBaHHS 3pa3KiB PEMOHTHOT'O KOMITO3HUTY B
SKOCTI B’sDKy4doro BukopucToByBaBcsi eBporneiicekuii I1L-I 500, y sikocTi qpiOHOro 3amoBHIOBada
BUCTYIaB KBaploBuil micok ¢paxuii 0,63. s ynpapniHHS peojoriYHUMH BIACTUBOCTSIMU PO3YMHIB
BukopuctoByBascs PJII1 Dairen DA 1400 VA-E (2% Bix macu cymimii). J{ast KOpekiiii KOHCUCTEHIIIT
Ta yacy TBEpAiHHA BUKOpHCTOBYBauCh AoMimku CAIl comonimepy aHIOHHOTO MOJHakpuiIaMigy Ta
akpuiaty kaiito (0,2% Big mMacu cymimni) Ta yicToro amominary Harpito (0,5% Bix macu cymimi).
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[TinGip ximpKocTi Boam Ansi 30epexeHHss HeoOXimHoi poOodoi KOHCHCTEHINii, OJHAKOBOI TSI BCIX
JOCITIKYBAHUX PO3YMHIB, IIPOBOIUBCS 32 METOIUKOIO, 3a3HaueHO0 y [15].

JlJis BCiX JOCTIIKEHUX CKIJIAIB IIEMEHTHUX 3pa3KiB BH3HAYAIHMCS TOKA3HUKU are3iiftHoi
MIIIHOCTI 3 BUKOpUCTaHHAM aare3umerpy DYNA Z16 (puc. 2) Bianosinuo mo [16]. HaBanTakenHs
JI0 METAJIEBOT0 BiipHBayda MPUKIANAI0Ch 31 301IbmeHHsM mBHaKocTi 250+50 Hic.

B sxocTi OETOHHOI MiIKJIAJKKM BUKOPHUCTOBYBAIMCH €TAJIOHHI OCTOHHI IUIMTH PO3MIPOM
450%450x45 MM, BUTOTOBJICHI BIAMOBIAHO 10 BUMOT craHaapty [17], kopoTka cneuudikamis
HaBeneHa y Ta0i. 1.

Puc. 2. Anresumerp DYNA Z16: 1 — kanBac; 2 — ikcarop; 3 — mojaya HaBaHTaKCHHS;
4 — MmanoMeTp; 5 — BUNPoOyBaIbHMIA AUCK BinpuBad D50 mm; 6 — M8

Tabmuus 1 — Crenudikariist €eTaTOHHUX OETOHHUX TUIAT

B’soxyue noptaasnauement tuny 1T ITI/A-111-400 3riguo [18]
3AIIOBHIORAY rpaBiiiHUIA TICOK, po3Mip yacTok 0-8 MM, Oe3nepepBHa KprBa
IpaHyJIOMETPUYHOro cKiany A-B

B’spxyue/3anoBHOBaY BigHOmeHHs Mac 1:5

B/I1 0,5

3marieHHs Gopm HE BUKOPHCTOBYBAJIOCh

VYuiuibHeHHs 90 cexyn Ha BibpocTtouni npu 50 I'g
Butpumka 24 TolMHU B HOPMAJIbHUX YMOBaxX
Bongonornmnanus 110 mosepxHi 2,0-8,0 cm° micyist 4 rozmH

VY BignosigHocTi A0 [19] B SKOCTI KOHTaKTHOIO MPOIIAPKy BUKOPUCTOBYBABCS MpaiiMep Ha
OCHOBI aucIiepcii CMHHTEeTUYHUX cMoJl Ta HarmoBHIoBauiB Ceresit CT 19.

JUist OCITi/pKeHHsT a[re3iffHUX MOKa3HHUKIB 3a [13] 3pasku-monocu PEeMOHTHOTO KOMITO3HUTY
HAHOCHJIUCH IIIATENIEM 3 KBAJIPATHUMH 3yOIsIMU 6X6 MM Ha MONEPEAHBO MArOTOBIEH! OETOHHI TUTUTH
3 MaKCMMaJIbHOIO ToBILEer0 Matepiany 10 mwm. [licns HaHeceHHsT KOMITO3UTY JIO HbOTO MPHKJICIOBAIUCH
KepaMiyHi TIMTKH 3riHO 3 [20], Ha SIKUX pO3MILIYBaINCh METANICBI BilpUBadi aare3uMeTpy (puc. 2).

N

Puc. 2. IligroToBneHi 10 BUMpoOyBaHHs MOKa3HUKA a/ire3ii eTaIOHH1 OETOHHI TUIMTH 3 HAHECEHUM
PEMOHTHUM KOMIIO3UTOM Ta MPUKICEHUMH KePaAMIYHUMH TIITUTKAMHU
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JInst nocimipKeHHsT aire3ifHuX MOKa3HUKIB 3a [14] BUTOTOBISUIMCH 3pa3KH-IIAii0M pEMOHTHOTO
komno3uty P50 MM Ta TOBIIMHOIO MaTepiany 10 MM HUISIXOM BUIWIIOBaHHS iX 3a JOMNOMOTOIO
KOPOHKH 13 CYIIUTFHOTO 1Py PEMOHTHOTO KOMITO3UTY, SIKU HAHOCHBCS Ha MOTEPEIHBO IMiATOTOBIIECHI
6eronHi Uty (puc. 3). [Ticns uboro Ha HUX PO3MIITYBAIUCH METAJIEB] BiIpUBayl aAre3UMETPY.

Puc. 3. [TigroToBneHi 10 BUIPOOYBaHHS MMOKA3HUKA aJre3ii eTaJoHHI OETOHHI TUIMTH 3 HAHECEHUM
PEMOHTHUM KOMIIO3UTOM Ta BHUPi3aHUMHU 3pa3KaMu-IaibamMu

MertaneBi BigpuBadi aare3uMeTpy 3aKpIiIUTIOBAINCH 3 BUKOPUCTAHHSAM JIBOXKOMIIOHEHTHOTO
ermokcuIHoro Kiero [13].

3 MeTor OTpPHMaHHS HAHOLIBII JOCTOBIPHMX JaHUX NP0 SKICTh aare3ii pPeMOHTHHUX
KOMIIO3UTIB 710 OETOHHUX IUIUT B 000X BMIIJKaX BPaxOBYBAJINCS BUKJIIOYHO pe3yiabTaTtu 3a AF-S
ta CF-S Tunamu BTpaTH aare3idHoro 34ervieHHs (Tadn. 2). Jdns 000X METOJMK BU3HAYCHHS
BEJIMYMHM 3YETJICHHS PEMOHTHUX KOMITO3UTIB 3 MIOBEPXHEI OCTOHHMX IUIMT BUTOTOBIIIOBAJIUCH IO
20 3pa3kiB Ha KOXHY i3 10 eTamOHHUX IUUT Ta BigOMpanmuch mo 15 3pa3kiB BKazaHUX TUMIB IS
3a0e3neueHHs pIBHUX YMOB IIPOBEJICHHS BUIIPOOYBaHHS Ta MOXKJIMBOCTI MOPIBHAHHS PE3yJbTaTiB.

Ta6umurst 2 — Tunu BTpatyu aaresii [14]

Tun I II 11 v ‘ V;
MapkyBaHHS CF-RC AF-S CE-S
Cxema
dikcaris
Xapakte pylHYBaHHSl | cia0Ka Koresist | pyHHYBaHHS YaCTKOBO cnabka Koresis
Bf amp KOHTAaKTY 110 PEMOHTHOTO 1o cimabka Koresist OETOHHOI
a gegi'l' anresnuBy KOMIIO3UTY | KOHTaKTHOMY 0eToHHO] i IKITa KK
! mapy T KT KA

AF — BTpara anresii (Adhesive Failure); CF — BTpaTa 3uenieHHs pH Koresii
IMpumitka | (Cohesive Failure); A —anresis (Adhesive); RC — pemonTHuHi Kommo3uT (Repair

Composite); S — migknaaka (Substrate)

IToka3HUK BEMTUYMHM aATe3il MK PEMOHTHIMH KOMITO3UTaMH Ta MMOBEPXHEIO €TAJTOHHUX IIJIUT

fa (MITa) Bu3HAUYaBCH SIK:
fa=P./F,
ne: P, — cuna BigpuBy (HaBaHTa)KEHHS are3uMeTpy, H);
F — muto1ia KOHTaKTy 3pa3KiB PO3UUHY /10 MOBEPXHI IJIUT (Mm?).

PesyabTaTn gocaigxkensn. Ilin yac ekciepuMeHTaTbHUX JOCIHIIKEHb OTPUMAaHI JaHi 1I0JI0
MOKA3HUKIB aAre31iHOT MIIHOCTI IEMEHTHUX 3pa3KiB PEMOHTHHX PO3YMHIB Ha OCHOBI CYXHUX
OyaiBEeTbHUX CyMIIIeH /Uil pEMOHTY Ta BiTHOBJICHHsI OETOHHHX Ta 3aJ11300€TOHHUX KOHCTPYKIIIH Ta
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CHIOpYJ 3 BUKOPHUCTAHHSM METOJUK TPOBEIACHHS BHUMIPIOBAHHS 3TiTHO 3 YKpaiHCBKUM Ta
€BPONEHUCHKUM CTaHJIAPTaMU.

Pesynprat BHMIpIOBAaHHS 3HAu€Hb MIIHOCTI 3YCIUIEHHS PEMOHTHHX KOMIIO3UTIB 3
CTAJIOHHUMH IUIUTAMH 3a METOAUKOI0 3rimHo 3 [13] Ta cepemHi 3HAaYCHHsS IOKa3HUKA ajaresii
HaBejeHI B Ta0II. 3.

Tabmuus 3 — Pesynbpratn BUMiproBaHHs aaresii 3a [13]

P — Bennunna 3uenneHHs PEMOHTHUX KOMITO3HTIB 3 OETOHHOIO HiI[KJ'IaI[KOIO, Mlla

2,300(2,905|2,559(2,365|1,231|2,762| 2,067 2,431 (2,454 |2,102|2,840|2,397|2,913 |1,607 | 2,838 | 2,385

2,043|2,137|2,078 2,813 (2,211 |2,755|2,292|2,126 | 1,966 | 2,740 |2,962 | 2,029 | 2,271 {2,710 | 2,960 | 2,406

2,12412,29412,1512,690(1,338|2,836|2,109|2,023 (2,971 |1,928|2,494 2,660 | 2,827 | 2,422 | 2,963 | 2,389

2,903|2,438|2,730(1,966|2,287|1,976|2,293|2,925 (2,958 | 2,165 (2,572 | 2,845|0,785|2,835|1,978 | 2,377

2,307|2,418|2,271|2,963|2,515|1,689|2,815|2,959 | 2,653 | 2,213 |2,505| 2,364 | 2,819 | 2,682 | 2,389 | 2,504

2,31812,256 2,478 2,473 (1,946 |2,422|2,339|2,856 | 2,040 {2,490 |2,785|1,991 2,384 2,148 | 2,791 | 2,381

2,940(2,926|2,520(1,982|2,64412,389|2,959|2,371(2,895|2,400{2,699 2,981 |1,987|2,187|1,934 | 2,521

2,643|2,517|0,594 |2,745|2,160 | 2,868 | 2,328 | 2,286 | 2,950 | 2,506 | 2,001 | 2,207 | 2,977 | 2,538 | 2,074 | 2,360

OO N0~ WIN|F

2,11412,063|2,746|2,765|2,111|2,431|2,246|2,755|2,548 | 2,628 | 2,858 | 2,593 | 2,485 | 2,806 | 1,969 | 2,475

=
o

2,153|2,122|2,378 (2,896 |2,319|2,139|2,676|2,776 (2,397 | 0,977 | 2,059 | 2,025 | 2,359 | 2,867 | 2,497 | 2,309

Sx BuAaHO 3 Ta0nuii, NepeBakHa OUIBIIICTh 3pa3KiB IIOKa3add CXOXI pe3ylbTaTu
BHUMIPIOBaHHS, JUCIIEPCid 32 CEpEIHIMU 3HAYCHHSAMH aare3ii Mo YCiX €TaJOHHUX IUIMTaX CKIaae
0,00456, 1110 CBIIYUTH MPO BUCOKY MOBTOPIOBAHICTh PE3Y/IbTATIB METOAUKH BUMIPIOBAHHS.

Tak, KUTBKICTh 3pa3KiB, IO MOKAa3aJIM BIAXWICHHS BiJl CEPeIHBOrO TMOKasHWKa anresii (2,411
MIla) Ha 30% i GisbIIIe CKJIaja JIUIIE 7 OJUHHUIIb.

BpaxoByroun BUMOTH 1O MTOKa3HUKY aAre3idHoi MirtHOCTI 3a [13] MaeMo HaCTymHHNA PO3IIOALT
32 OTPUMaHMMHU KJIaCaMHM PEeMOHTHHMX Kommo3uTiB: PM1 — 132 3pa3ka (88%), PM2 — 132 3pa3ka
(88%), PM3 — 148 3pa3kiB (98,6%).

Cnig TakoX BIiAMITUTH, IO 3 modaTtkoBux 200 3pa3kiB AOCHIIKYBAaHHX PEMOHTHHUX
KOMIIO3UTIB BTpATy aJAre3iiHOTO 34eruieHHs 3 eTajoHHUMH TumTtamu 3a tunoM AF-S ta CF-S
nokazaB 181 3pasok, mo ckiaagae 90,5%. Chuparouuch Ha Jeski IMOMepenHi JOCIiIKEeHHS
aare3iiHo1 MirtHOCTI [21, 22], MOXHA CKa3aTH, IO [IeH MOKA3HUK € TIOPIBHSIHO BUCOKHM.

PesynpTaTi BHMMIpIOBaHHS 3HAu€Hb MIIHOCTI 3YEIUIEHHS PEMOHTHMX KOMIIO3UTIB 3
€TAJTOHHUMH TUTMTAaMH 3a METOJMKOI0 3riHO 3 [14] Ta cepemHi 3Ha4YeHHs TMOKa3HUKA airesii
HaBejeHl B Ta0II. 4.

Jucnepcis 3a cepeqHiMU 3HAYSHHSIMU are3ii 1o ycix erajoHHUX rmiuTtax ckiaagae 0,0233, mo
OlbIIe 32 TaKMH MOKa3HUK y MeTouku 3a [13] y 5,1 pa3u.

KinbkicTs 3pa3kiB, 110 MOKa3aJik BIAXUIEHHS Bl cCepeHBOTO MokasHuka aaresii (1,986 Mlla)
Ha 30% 1 Ginbiie, ckinana 51 oguHuUIO, 0 y 7,3 pa3u OUIbIIe HIXK 32 pe3ybTaTaMi BUMIPIOBAHHS
3TiAHO 3 MeToauKoro [13].

BpaxoByroun BUMOTH MO MOKAa3HUKY aAre3idHoi MinHocTi 3a [13] posmonin 3a oTpuMaHUMU
KJIacaMH PEMOHTHHMX KOMMO3UTiB HacTynmHuit: R4 — 80 3pa3kiB (53,3%), R3 — 141 3pazok (94%), R2
— 145 3paskiB (96,6%), R1 — 145 3pa3kiB (96,6%).

Takoxx moka3zoBUM € Te, 10, Ha BIIMIHY BiJ pe3yJbTaTiB, OTpUMaHuX 3a [13], 3 mo4yaTkoBUX
200 3pa3kiB AocCHiKyBaHUX 3a [14] peMOHTHHUX KOMIIO3HMTIB BTpaTy aJre3idHOTO 3UEIUICHHS 3
etatoHHUMH 1iiTaMu 3a TunoM AF-S ta CF-S mokazamm numie 152 3paska, mo cknanae 76%.

BpaxoByroun aucnepcito Bubipku Ta pesynabtatu 3a AF-S ta CF-S Tumamu BTpatn aaresii
3pa3kaMH MOXXHa 3pOOWTH BHUCHOBOK, IO METOJAMKAa BUMIPIOBaHHSA aare3ii 3rimHo 3 [14] mae
MOPIBHSHO HIJKYY IOBTOPIOBAHICTh pe3yibTaTiB. B ymMoBax OJHAKOBOCTI CKIJIQAy PEMOHTHHX
PO34MHIB, IOPUCTOCTI Ta AKOCTI MOBEPXHI €TAIOHHUX TUIUT, TOBIIMHU KOHTAKTHOIO LIApy Ta IHIIUX
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YUHHHKIB €KCTICPUMEHTY II€, BIPOT1IHO, TIOB’S3aHO 3 TIEBHUM CTYIICHEM TOIIKOKEHHS aare3iiHuX
3B’SI3KIB MK HAHECEHWM PEMOHTHHUM KOMIIO3UTOM Ta OETOHHUM CyOCTpaTtoM B IIpolieci
(dbopmMyBaHHS 3pa3KiB-IIali0 3 BAKOPUCTAHHSIM KOPOHKH, @ CaMe BHYTPIIIHE MEXaHIYHE 3aKPIIJICHHS
KOMITO3UTY y rpy0iid MOBEpXHI MiAKIAAKK HA MikpoMaciTabHomy piBHi [10, 12].

Tabmuus 4 — Pesynpratu BUMiproBaHHs aaresii 3a [14]

HHJ:I(")TH BenuunHa 34yerieHHs pEMOHTHUX KOMITO3HUTIB 3 OCTOHHOIO minkiaakor, MIla
1 11,657|1,835(2,163|1,985|2,214|1,994|2,068(1,675|2,194|2,391|2,034|2,504(2,050|2,555|2,413|2,116
2 |1,785(2,428|1,909|2,445(2,315|2,484|2,289|2,464|2,146|1,806|1,765|2,242|2,356|1,842(1,727|2,134
3 12,335/0,561|2,183|1,595|1,889|2,063|2,558|1,050|1,931|1,745|1,627(1,838|2,247|1,947|2,365|1,862
4 (1,552(1,931(2,217(2,259(1,600(2,424|2,563|1,675(2,393|1,709/|0,270(2,185|2,536|2,038/2,005|1,957
5 12,530/1,981|1,657|2,554(2,539|1,636|2,538|1,565|2,336|2,134|2,440(1,967|1,818|1,789|2,244|2,115
6 |1,419/1,639|1,801|1,238(1,637|0,124|1,627|2,223|1,930(2,413|2,207(1,621|0,862|1,625|2,083|1,630
7 11,590|2,369|2,188|1,984|2,126|2,132|2,138|1,843|2,581|2,132|2,237|2,587|0,370|1,664|1,855|1,986
8 2,037|1,845|1,528|1,975|1,542|2,453|1,886|2,121|1,960|2,204|0,742|2,059|2,422|2,530|1,938|1,949
9 |2,574|1,886|2,071|2,340|2,265|1,936|2,344|1,547|1,765|2,269|2,129|1,563|1,646|2,310|2,410|2,070
10 (2,199|2,196|2,544/2,504|1,591|2,030{1,862(1,729|2,562|1,582(1,665|2,224|1,620(2,021|2,292(2,042

Uepes 11e, BUXOASYM 3 aHANI3y OTPUMAHUX PE3yJbTaTiB, T ) caMi PEMOHTHI KOMIIO3UTH
(3pasku 3 etamoHHux WMT 3, 4, 6-8), ski 3a Bumoramu [13] BUKIIOYHO 3a MOKA3HUKOM ajaresii
BIJIMOBIAAIOTh HAMBHUILIOMY KOHCTPYKIIHHOMY KJIacy peMOHTHOro marepiany PMI1, 3a Bumoramu
[14] MmoxyTh Ki1acu(iKyBaTHUCh JIHIIE K MaTepianu kiacy R3.

BucnoBku. [lepeBarkHa OLIbIIICTh 3pa3KiB, K1 OIIHIOBAINCH 32 METOAMKOI YKPaiHCHKOTO
CTaHIapTy, TOKa3aJl CXOXI pe3ylbTaTH BHUMIPIOBAaHHsS ajiresiiHoi winHocti. Jlucmepcis 3a
CepeHIMHU 3HAYEHHSAMHM afresii mo ycix eramoHHuUX miuTax ckinagae 0,00456, mio cBiTUUTH MPO
BHUCOKY INOBTOPIOBAHICTh PE3YyJbTATIB METOAMKU BUMIproBaHHS. KiUIbKICTh 3pa3KiB, IO MOKa3alu
BIJIXUJIEHHS BiJl cepeqHboro nokasuuka anaresii (2,411 MIIa) na 30% 1 Oinbmie ckmana niuie 7
oIuHuIb. OTpUMaHO HACTYIHUHN PO3MOJLI 3a KJlacaMl PEMOHTHUX Komno3uTiB: PM1 — 132 3pa3ka
(88%), PM2 — 132 3pa3ka (88%), PM3 — 148 3pazkiB (98,6%).

Brpary anresiiiHoro 3derjieHHs 3 eTaloHHUMH muTamu 3a TunoM AF-S ta CF-S nokxazas
181 3paszok, mo ckiagae 90,5% Bing moyarkoBux 200 3pa3kiB AOCHIIKYBAaHMX PEMOHTHHX
KOMITO3HTIB, IO € TTOPIBHIHO BUCOKUM MTOKa3HUKOM.

Jucniepcis 3a cepeHIMU 3HaYeHHSMU aJre3ii Mo ycix eTalloHHUX miuuTax ckiuanae 0,0233, mo
Ounplle 3a TakuM MOKa3HUK y meTtoauku 3a [13] y 5,1 pasu. KinpkicTh 3pa3kiB, 110 MOKa3ajiu
BIIXWJIEHHSI BiJ cepeaHboro mokasHuka anaresii (1,986 MIla) ma 30% i Oimbmie, ckiama 51
OJIMHUIIIO, 1110 Y 7,3 pa3u Oulble HIXK 3a pe3yJibTaTaMi BUMIPIOBAaHHS 3T1IHO 3 MeToauKoo [13].

OTpumaHi KJ1acu PEeMOHTHUX KOMIIO3MTIB, IO OLIIHIOBAJIUCH 3a €BPONEUCHKUM CTaHJIAPTOM,
PO3MOJIJIEH] 3a KJlJacaMH MEHII PIBHOMIPHO Yy MOPiBHAHHI 3 yKpaiHcbkuM: R4 — 80 3pa3kiB (53,3%),
R3 — 141 3pa3ok (94%), R2 — 145 3pa3skiB (96,6%), R1 — 145 3pa3kis (96,6%). 3 mouarkoBux 200
3pa3kiB PEMOHTHUX KOMITO3UTIB BTPATy aAre3iifHOTO 3UEIUICHHS 3 €TaJIOHHUMH TUIMTAaMH 32 TUTIOM
AF-S ta CF-S noka3zanu nurmie 152 3pa3ka, mo ckianae 76%.

3araqoM METOJWMKAa  BHMIPIOBaHHS aire3ii 3riIHO 3 €BPOMEHCHKUM CTaHIAPTOM Mae
MOPIBHSHO HIJKYY IOBTOPIOBAHICTh pe3ynbTaTiB. B ymMoBax OJHAaKOBOCTI CKJIQAy PEMOHTHHX
PO34MHIB, IOPUCTOCTI Ta IKOCTI MOBEPXHI €TAIOHHUX IUIUT, TOBIIMHU KOHTAKTHOTO IIApy Ta 1HIINUX
YIUHHHKIB €KCIIEPUMEHTY I11€, BIPOT1/IHO, TIOB’A3aHO 3 EBHUM CTYIEHEM MOLIKOIKEHHS aare3iitHux
3B’SI3KIB MK HAaHECEHUM pPEMOHTHHM KOMIIO3UTOM Ta O€TOHHMM cyOcTparoM B IIpolieci
(dhopMyBaHHS 3pa3KiB-11ail0 3 BUKOPUCTAHHSIM KOPOHKH, a CaM€ BHYTPILIHE MEXaHIYHE 3aKPIIICHHS
KOMIIO3UTY y I'pyOiif MOBEpXHI MiJIKIaIK1 Ha MIKPOMACIITAOHOMY PiBHI.
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Jlesiki 3 pEMOHTHHMX KOMIIO3MTIB, SIKi 32 BUMOTI'aMHU YKPAiHCBKOT'O CTaHIApTy BUKIIOYHO 32
MMOKAa3HUKOM ajre3ii BiAMOBIJAIOTh HAWBHUIIOMY KOHCTPYKIIMHOMY KJacy PEMOHTHOTO Marepiainy
PM1, 3a BUMOraMu €BpOINenChKOro MOKYTh Kiacu(iKyBaTHCh JIHIIE K MaTepianu kiacy R3.
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Abstract. The article provides a general assessment of the adhesion strength indicators of
polymer-cement repair composites to the concrete base and determination of the degree of
repeatability of test results when changing the methods of its measurement in accordance with
Ukrainian and European standards.

During experimental studies, data were obtained on the adhesive strength indicators of the
same cement samples of repair mortars based on dry building mixtures for the repair and restoration
of concrete and reinforced concrete structures and buildings under equal conditions using different
measurement methods, a distribution was obtained by the received classes of repair composites,
taking into account the requirements of both standards according to the indicator of adhesive
strength.

The obtained data show that according to the measurement method according to the Ukrainian
standard, the vast majority of the examined samples of repair mortars based on dry construction
mixtures showed similar measurement results, which indicates a high repeatability of the results of
the measurement method. Also, a high percentage of adhesion loss according to the AF-S and CF-S
classes and the number of structural classes among the studied composites remain among all the
studied samples.

The European measurement method on the same samples and reference concrete slabs
showed a significantly higher number of samples with a deviation from the average adhesion index,
a lower number of samples with a loss of adhesion according to the AF-S and CF-S classes, a lower
number of structural classes of repair composites and, in general, has a significantly lower
repeatability of measurement results.

It has been established that some of the repair composites, which according to the
requirements of the Ukrainian standard correspond to the highest structural class of the repair
material PM1 based solely on the adhesion index, can be classified only as materials of the R3 class
according to the requirements of the European.

Keywords: repair solutions, dry construction mixes, repair system, contact layer, adhesion.

Crarts Hagidnura qo penakimii 25.04.2023

Modern construction and architecture, 2023, no. 4, page 41-48


mailto:vetokham@ogasa.org.ua

BUILDING MATERIALS AND TECHNIQUES

UDC 691.57 DOI: 10.31650/2786-6696-2023-4-49-55

CORROSION RESISTANCE OF POWDER COATING WITH USE OF FERRITIZATION
WASTE

'Gots V.1, D.Sc., Professor,

Gots.volodymyr@gmail.com, ORCID: 0000-0001-7103-1234
'Kochetov G.V., D.Sc., Professor,

gkochetov@gmail.com, ORCID: 0000-0003-0041-7335
"Lastivka O.V., PhD., Assistant Professor,
oles.lastivka@gmail.com, ORCID: 0000-0002-7499-4744
'Samchenko D.M., PhD, Senior Researcher,
sama30071988@gmail.com, ORCID: 0000-0003-3305-8180
'Mehet V.S., graduate student,

$59164669@gmail.com, ORCID: 0000-0002-2830-9419
'Kyiv National University of Construction and Architecture
Povitroflotskyi prospect 31, Kyiv 03037, Ukraine

Abstract. Aspects for increasing the corrosion resistance of powder coating materials as a
result of the involvement of the latest technologies for cleaning electroplating production waste are
considered. The results of the effect of ferritization waste on the formation of corrosion resistance
of coatings based on powder coating are shown.

The introduction of the obtained ferritization waste into the composition of powder coating
systems has a different effect on the formation of corrosion resistance of coatings was found. Thus, the
control composition of the powder coating using a filler in the form of barium sulfate during 480 hours
of exposure in the salt fog chamber is characterized by peeling of the coating at the level of 7.5 mm.
The average width of metal corrosion is 5.5 mm. The category of corrosion resistance of the coating
corresponds to class C3 (average) with the provision of an average durability class (M) from 7 to 15
years. Examples of typical environments (according to DSTU ISO 12944-2:2019) where the
resulting coatings can be used are urban and industrial atmospheres, moderate sulfur dioxide
pollution, coastal areas with low salinity.

The use of galvanic waste sediments in general contributes to increasing the corrosion
resistance of the powder coating. The efficiency of their use depends on the chemical composition
of ferritization waste. Among the studied samples, the most effective is the introduction of waste in
the form of NigsCugsFe,04 and ZngsCugsFe,04 into the composition of powder systems, which
helps to reduce the width of coating peeling by 65...79 %, as well as the width of metal corrosion by
75...80 % compared to the control composition.

The least effective among the studied samples is the use of waste in the form of
Nig5Zngs5Alg 15Fe1 8504 and CrFe,O4 due to a significant decrease in the corrosion resistance of the
powder coating

Powder coating systems were obtained using ferritization waste, the category of corrosion
resistance of which corresponds to class C4 (high) with a high durability class (H) from 15 to 25
years. In general, the use of ferritization waste provides better corrosion resistance of coatings
compared to traditional systems based on barium sulfate, which in turn gives reason to consider
such systems as an alternative for corrosion protection of construction metal products and
structures.

Keywords: powder coating, ferritization waste, peeling, width of metal corrosion, class
corrosion.

Introduction. Generation, storage, disposal, decontamination and removal of steel waste have
become one of the biggest challenges for developed countries, with the environmental condition
depending on their priority solution [1, 2]. As a result of large amounts of plating wastewaters as
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one of the prevailing types of industrial liquid wastes, the said problem has become particularly
acute. If stored in the territory of enterprises, such wastes could cause irreversible environmental
pollution [3].

Depending on the source of generation and physical state, plating wastes are divided into the
following types: spent concentrated process solutions; hutch water; galvanic waste [4]. Plating
wastes contain a high concentration of toxic substances; therefore, these substances are referred to
one of the most hazardous types of industrial waste. Among the main pollutants of plating waste are
ions of heavy metals, inorganic acids, alkalis, etc. In metal plating, only 30-80 % of metals, 5-20 %
of acids and 2-3 % of water are useful, meaning that large quantities of valuable raw materials are
wasted and, even more, cause the environmental pollution with toxic substances. They must be
recycled, for the environment to be protected against such hazardous solutions [5, 6].

Current requirements for application of plating waste disposal technologies are aimed at
creating environmentally safe and resource-saving production, where the waste from one industry
will be fully or partially used as raw materials for another [7].

One of the most effective methods of plating waste disposal is to apply ferritization
technology [8]. Heavy metals are removed from working solutions and converted into a chemically-
stable crystal structure during this process, but ferritization is performed at temperatures above 75
°C, so its application is quite energy-consuming.

As an alternative to a traditional thermal method of ferritization, it is reasonable to use
electromagnetic pulsed activation of the process saving up to 60 % of energy resources [9].

The plating waste treated by ferritization using the abovementioned methods could be
reasonably used to partially replace fillers in powder coating, with subsequent powder coatings on
their base. This would facilitate creating non-waste technologies and closed-loop processes for
making coatings under factory conditions.

Analysis of recent studies and publications. Powder coating is one of the most promising
materials for creating technical and economic, and eco-friendly protective coating for a wide
selection of building products and structures. Two groups of powder coating and lacquers are
distinguished by their chemical composition: on the basis of thermoplastic film forming substances
and on the basis of thermoset ones [10]. The coating on the basis of thermoplastic film forming
substances is made without chemical transformations due to melting of powder particles with
subsequent cooling of the hot melt. In case of coatings on the basis of thermosetting resins, the
cross-linking reaction of the coating system takes place in the presence of catalysts, thus making
conditions for the use of polymers with significantly lower molecular mass and, respectively, a
lower viscosity of the hot melt. As a result, a high content of fillers and pigments may be introduced
into the system of thermoset paints and lacquers and this, in its turn, ensures a high quality of a
product with a low cost ensured. At the same time, the global output of thermoset powder coatings
is about 80 % of the total paints and lacquers produced, thus confirming their effectiveness [11, 12].
These materials are highly competitive as compared to coatings based on liquid paints, since they
are made on the basis of film forming oligomers which, in they turn, make it possible to obtain
quality coatings of 30...80 pm thick.

The prescription composition of the thermoset powder coating consists of five basic
components: polymer resin, hardener, pigments, functional additions and fillers [13, 14]. Polymer
resins and hardeners generally play the key role in ensuring necessary mechanical characteristics
and durability of the powder coating. However, it is the correctly selected filler that contributes to
regulation of functional properties of the coating, such as hardness, gloss, bending and impact
strength, permeability and corrosion resistance [15, 16].

In view of high output of thermoset powder coating in the world, as well as the problem of
plating waste disposal, it is reasonable to study how the sludge of plating waste of various types
influences the formation of performance properties of coatings based on powder paints.

The purpose of this paper is to study the impact of plating waste sludge of different phase
composition on the corrosion resistance of powder coating.
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Materials and research methods. Carboxylated polyester resin Crylcoat 2618-3 made by
Allnex was used as a film forming substance to perform the research. For carboxylate polyester
resin it is also obligatory to use a structure-forming hardener. Primid XL-552 made by EMS-
Griltech was used for this research. In order to ensure coverage of the surface of metal samples in
powder systems under study, a white pigment (titanium dioxide (TiO;)) was chosen. As a reference
composition (Table 1), a powder coating system was used containing barium sulfate which is a
traditional filler to obtain powder paints and lacquers.

Table 1 — Composition of powder coating

Content of raw materials, %
Control Crylcoat 2618-3 HAA TiO, Barium sulfate
57 3 10 40

As a result of using ferritization treatment of waste, nine types of sludge samples were
obtained, each having different phase composition: sample No. 1 — NiFe;O4; sample No. 2 —
ZnFe,04; sample No. 3 — CuFe;O4; sample No. 4 — Nigs ZngsFe,O4; sample No. 5 —
Nig5CugsFe204; sample No. 6 — ZngsCugsFe;Oq4; sample No. 7 — ZngsMngsFe,04; sample No. 8 —
Nigs ZnosAlg 15Fe1.8504; sample No. 9 — CrFe,O,4. The abovementioned waste samples were used to
partially replace the filler in power systems. The composition of the analysed coating systems with
the use of the obtained waste was taken as follows: Crylcoat 2618-3 — 57 %, HAA — 3 %, TiO, — 10
%, barium sulphate — 25 %, and obtained waste sample — 15 %.

Research methods. The impact of the obtained waste treated by ferritization on the corrosion
resistance of the coating based on powder coating was studied in the sequence as follows:

1. The steel plates St3 (size 150x60 mm) were covered by powder paints of different
compositions. The powder paint was applied by electrostatic method according to ISO 1514:2016
using spray gun Start 50.

2. The hardening of the powder coating on sample plates took place in a curing oven at 180
°C during 10 minutes.

3. Corrosion resistance of decorative and protective powder coating systems was tested in a
salt spray chamber with 5 % condensation of saline (NaCl) on the sample surfaces during 480 hours
at 35 °C according to DSTU ISO 9227:2015 "Corrosion tests in artificial atmospheres — Salt spray
tests". The average coating delamination and development of metal corrosion after the test was
determined by the methods of DSTU ISO 4628-8:2012. The coating compositions were classified
according to categories of atmospheric corrosion aggressiveness according to DSTU ISO 12944-2,
including their durability according to DSTU I1SO 12944-1.

Research results. It was found that introduction of obtained waste treated by ferritization into
the composition of powder coating systems has different impacts on the formation of corrosion
resistance of the coating (Fig. 1, Fig. 2). Thus, the reference composition of the powder coating
using such filler as barium sulphate after curing during 480 hours in the salt spray chamber is
characterized by the coating delamination of 7.5 mm (Fig. 1). The average width of metal corrosion is
55 mm (Fig. 2). The category of corrosion resistance of the coating corresponds to class C3
(middle) ensuring a middle class of durability (M) of 7 to 15 years. The examples of typical
environments (according to DSTU ISO 12944-2:2019) where the obtained coatings may be used are
urban and industrial environments, with moderate pollution of sulphur dioxide, and coastal regions
with law total salt content.

In case of partial replacement of barium sulphate by the waste of phase composition
ZnysMng sFe,04 (sample No.7), one can generally observe the increased corrosion resistance of the
coating. Using such waste actually results in the increase of average coating delamination from 7.5
to 8.5 mm, which is 14 % more as compared to the reference composition. However, the average
width of metal corrosion is reduced by 29 % from 5.5 to 3.9 mm. This could be due to formation of
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a passive film on the steel surface because of introduction of the said waste, with a respective
slowdown in the anode process of electrochemical corrosion. The category of corrosion corresponds
to class C4 (high), with the middle class of durability (M) from 7 to 15 years ensured. The examples
of typical environments where the obtained coatings may be used are industrial and coastal regions
with moderate total salt content.

A similar situation is also observed after introduction of ZnFe,O4 (sample No.2) to the coating
system — as compared to the reference composition, the average coating delamination is increased from
7.5 to 9.8 mm, but the average width of metal corrosion is reduced at the same time by 37 % and
reaches 3.5 mm. Corrosion resistance corresponds to class C4 (high), with the medium class of
durability (M) ensured from 7 to 15 years.
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Fig. 2. Average width of metal corrosion

Introduction of the obtained waste NiFe,O,4 (sample No. 1) also contributes to the increase in
the corrosion resistance of the powder coating. Thus, the average width of coating delamination is
reduced by 12 % and reaches 6.6 mm, with the average width of metal corrosion of 3.7 mm, which
is 33% less if compared to the reference composition. The corrosion category corresponds to class
C4 (high), with the medium class of durability (M) ensured from 7 to 15 years.

Modern construction and architecture, 2023, no. 4, page 49-55



BUILDING MATERIALS AND TECHNIQUES

A similar result is demonstrated when using such waste as Nigs ZngsFe,O4 (sample No.4) in
the powder paint, which contributes both to the reduction of the average width of coating
delamination up to 6.5 mm and the width of metal corrosion expansion up to 3.25 mm as compared
to the reference composition. The category of corrosion durability corresponds to class C4 (high),
with the medium class of durability (M) ensured from 7 to 15 years.

In its turn, introduction of such wastes as Nigs5ZnosAlg.15Fe1.8504 (sample No. 8) and CrFe,O,
(composition No. 9) is not effective, as evidenced by the essential reduction in the corrosion
resistance of the coating due to 100%-delamination of the tested coatings from the substrate surface,
and by the increased metal corrosion up to 12...14.5 mm as compared to the reference composition.
The category of corrosion durability of the coating corresponds to class C1 (very low). As a result,
the examples of typical environments where it is allowed to apply powder coatings with the use of
such wastes as NigsZnosAlg.1s5Fe1.s504 (sample No. 8) and CrFe,O4 (sample No. 9) according to the
regulatory document are the inside of a building, where they are not exposed to the outside
environment.

Such waste as CuFe,0O,4 (sample No.3) introduced to the powder paint is effective. Thus, its
use contributes to the reduction of the average width of coating delamination from 7.5 mm
(reference composition) to 3.75 mm, as well as the average width of metal corrosion expansion
from 5.5 mm (reference composition) to 2 mm. The category of corrosion resistance corresponds to
class C4 (high), with the high class of durability (H) ensured from 15 to 25 years.

Such wastes as NipsCugsFe,O4 (sample No. 5) and ZngsCugsFe,O4 (sample No. 6) are the
most effective in order to increase corrosion resistance of the power coating. In case of introduction
of NigsCugsFe;O4, the average width of coating delamination reduced by 71 % as compared to the
reference composition from 7.5 to 2.2 mm, and the average width of metal corrosion expansion
reduced by 75 % — from 5.5 to 1.35 mm. When ZnqsCugsFe,O4 was used as a filler, the average
width of the coating delamination reduced by 79 % to 1.55 mm, and the average width of metal
corrosion expansion reduced by 80 % to 1.05 mm. The category of corrosion resistance of coatings
corresponds to class C4 (high), with the high class of durability (H) ensured from 15 to 25 years.

Conclusion. As a result of the research, the use of galvanic ferritization waste in general
contributes to increasing the corrosion resistance of the coating. The efficiency of their use depends
on the chemical composition of ferritization waste. Among the studied samples, the most effective
is the introduction of waste in the form of NigsCuosFe;O4 and ZngsCugsFe,O4 into the composition
of powder systems, which helps to reduce the width of coating peeling by 65...79 %, as well as the
width of metal corrosion by 75...80 % compared to the control composition. Powder coating
systems were obtained using ferritization waste, the category of corrosion resistance of which
corresponds to class C4 (high) with a high durability class (H) from 15 to 25 years. The least
effective among the studied samples is the use of waste in the form of NigsZngsAlg15Fe1.8504 and
CrFe,04 due to a significant decrease in the corrosion resistance of the powder coating.
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AHoTanisg. Po3mIsHYTO mNEpCcHneKTHBU IMIABUINEHHS KOPO31MHOI CTIMKOCTI IMOPOIIKOBHX
nakoapOOBUX MaTepiajiB B pe3yibTaTi 3alydeHHs [0 IX CKJIaay MPOAYKTIB (epuTusaiinHol
nepepoOKH BiXO/IB rajJbBaHIYHOTO BUPOOHMITBA. [loKa3aHO pe3ynpTaTd BIUIMBY IIMX BiJXOJiB Ha
(dbopMyBaHHS KOPO31HOT CTIHKOCTI MOKPUTTIB HA OCHOBI MOPOIIKOBHX (apo.

BusBneHo, 1o BBEACHHS OTPUMAHUX BIIXOMIB (DEPUTH3AIMMHOI OYUCTKH IO CKJIATy
MOPOLIKOBUX JIaKO(PapOOBUX CHUCTEM IO PI3HOMY BIUIMBAIOTH HAa (POpMyBaHHS KOPO3iHHOI CTIMKOCTI
nokputTs. llopomikoBe MOKPUTTS 3 BUKOPUCTAHHSM HAaIOBHIOBaua y BUIVIAIL cyibdary Oapiro
npotsirom 480 roauH BUTPUMKU B KaMmepi COJILOBOTO TyMaHy XapaKTE€pU3YeThbCs BiJILIApyBaHHIM
nokputTst Ha piBHi 7,5 MM. CepemHs mmpuHa KOpo3ii Meramy craHoBUTH 5,5 MMm. Kareropis
KOpPO3iiHOI CTIMKOCTI TOKPUTTS Bimnosigae kiacy C3 (cepenniii) mpu 3abe3nedeHi cepeHboro Kiacy
noBroBiuHocTi (M) Bix 7-mu 10 15-t1 poxkis. [Ipukmagamu TumoBoro cepenosuma (3rigao JCTY ISO
12944-2:2019) ne MOXyTb €KCIIITyaTyBaTHCh OTPUMaH1 MOKPHUTTS € MiChbKa Ta POMHUCIIOBA aTMocdepa,
NoMipHe 3a0pyAHEHHS AI0KCUIOM CIpKHU, TpUOepekHi paifoHN 3 HU3BKOIO COJIOHICTIO.

BukopucranHs raapBaHIYHUX BIIXOIB y IIJIOMY CIPHSE IMABUIICHHIO KOPO31MHOI CTIHKOCTI
MOPOIIKOBOTO MOKPUTTA. EQEeKTHBHICTh iX BUKOPHCTAHHS 3aJ€KHUTh Bl XIMIYHOIO CKJIady
BimxoaiB deputuzarii. Cepe AOCTIHKYBAaHUX 3pa3KiB HAWO1IBIN €()eKTUBHUM € BBEJICHHSI BIJIXO/IIB
y Burmsiai NigsCupsFe0s, Ta ZnosCupsFe,O4 10 ckimagy MOpPOMIKOBUX CHCTEM, IO CHPHSE
3HWKEHHIO IIMPHUHU BIALIApYBAaHHS MOKPUTTA Ha 65...79 %, a TakoX IIMPUHHU KOPO3ii MeTally Ha
75...80 % mopiBHSAHO 3 KOHTPOJIBHUM CKJIaJJOM

Haiimenm edexkTUBHUM cepell OCIIIKYBaHMX 3pa3KiB € 3aCTOCYBaHHS BIIXOAIB y BUIJISL
NigsZngsAlp1sFe1 8504 Ta CrFe,O4 3 ormsimy Ha 3HIKEHHSM KOPO3IHHOI CTIHKOCTI MOPOIIKOBOTO
TTOKPHTTSL.

OTpumaHo MOpPOIIKOBI Jako}apOOBl CUCTEMHM 3 BHUKOPHCTAHHSAM BIAXOIB (epUTH3ALIIHOT
OYHMCTKH CTIYHUX BOJI, KaTeropisi KOPo3iiHOI CTIHKOCTI SKUX Bianosijnae kinacy C4 (BUCOKUI) MpH
3abe3neyeHi BHCOKOMY kiacy aoBropiunocti (H) Bim 15-tu go 25-tu pokiB. B 3aranbHOMY,
BUKOPHUCTAHHS BIAXOAIB (EepHUTH3AIIHHOI OYUCTKH, 3abe3meuye Kpally KOpO3iHY CTIHKICTh
MTOKPUTTIB MOPIBHIHO 3 TPAJAUIIIMHAMHU CUCTEMAMH Ha OCHOBI Cyib(aTy 0apiro, 1110 B CBOIO YEPry /A€
MiZICTaBy PpO3IJISIaTH Takl CHUCTEMU SIK ajJbTEPHATUBY JJIS 3aXHCTy BiJ KOpo3ii OyaiBelbHUX
METaJIeBUX BUPOOIB Ta KOHCTPYKIIIi.

KurouoBi cioBa: mopomkoBa ¢apba, MOKPUTTS, KOpO3is MeTany, rajbBaHIUHI BiAXO.H,
bepuTuzanis.
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AHoTaniAg. Y cTarTi po3riHYTO MIAXOAU 10 (hOpMYBAaHHS CKJIaTy LUIAKOIY)KHUX LIEMEHTIB
IpU BHUKOPHCTAHHI B SIKOCTI JY)KHOTO KOMIIOHEHTa BHCOKOMOIYJIBHOTO PO3YMHHOTO CKJIa,
IIPEJCTaBICHOI0 TOBAPHUM NPOAYKTOM Yy BHUIIAAl piauHU. Mertoro pnaHoi poGotu Oyio
JOCIIJKEHHSI BIUTMBY MOJH(IKYIOUMX J00aBOK, CHIIIKATHOTO MOJMYJIS TiIPOCHIIIKATIB HATPIlO Ta
PEKUMIB TEXHOJIOTIT Ha NPOLIECH CTPYKTYPOYTBOPEHHS IUTYYHOIO LEMEHTHOIO KaMEHIO s
e(EeKTHBHOTO YNPABIIHHA CTPOKAMH TY)KaBICHHs, BJIACHUMH JAedopMamisiMi ycaakud Ta
JOCATHEHHS BUCOKOI MIIIHOCTI Ha ctuck (> 80 MIla y HopmatuBHOMY Biti 28 110 1 > 20 MIla yepe3
3 ToAMHU TBEPAIHHSA y HOPMAJIbHUX YMOBAax). Y pe3ylbTaTi BUKOHAHHUX JOCII/PKEHb BCTAHOBJICHO
MO3UTUBHUM BIUIMB BiJi BUKOPHCTaHHS O0OABKU IJILEPUHY y CKJIaJl KOMIUIEKCHOI JOOaBKM Ha
(dbopMyBaHHS CTPYKTYpH Ta BIIACTHBOCTEH MITYYHOrO KaMeHs. BinMmideHo, M0 BHKOPHCTAHHS
JIocHikeHnX Moau(dikyrounx q00aBOK CHpusie MiJBUIICHHIO CTYINEHIO TiApaTaimii [IUIaKy,
(bopMyBaHHIO OS] 3 TIAPOCHITIKATHUMH CIIOJIYKaMH KCEPOTEJIeBUX CTPYKTYP Ta LENITOMOAI0HIX
CHOJNYK, AKI BIAKIAaIal0ThCAd Ha T1IPOCUIIKATHIA OCHOBI MaTpUIll y BHUIJISAL OJOKiB-arperariB Ta
MiABUINYIOTh 3arajlbHU 00'€M CTPYKTYpOYTBOPIOIOYHMX OJMHHIb. BCTaHOBIIEHO MO3WUTHBHUN
CHUHEPreTHYHUI e(eKT BiJl BUKOPUCTAHHS TJILEPUHY Y SKOCTI JOJATKOBOTO MOJU(IKYyIOUOTo
KOMITIOHEHTa KOMIUIEKCHOI 100aBkHu "TpuHatpiiidocdar + riiuepun" sl YyOpaBlliHHA CTPOKAMH
TY’KaBJIEHHS Yy IUIAKOJIY)XKHHMX ILIEMEHTAaX Ha OCHOBI BHCOKOMOIYJBHHMX PO3UMHHHMX cTekois. lle
JO3BOJIMIIO PO3LIMPHUTH CTPOKH MOYATKY TYKABJICHHS MUIAKOJIY)KHUX IIEMEHTIB MPH BUKOPUCTAaHHI
PO3UMHHHMX BHCOKOMOJYJIBHUX CTEKOJ 3 3...5 XB. 70 3HaueHb 26...83 xB. OTpuMaHi LIEMEHTH 3
MIIHICTIO Ha CTHCK 4yepe3 3 roaunu 16,7...23,1 MIla, uepes 1 nody 34,1...38,2 MIla, uepes 28 116
86,2...117,1 MIla npu nNpUHHATHUX CTPOKAaX MOYATKY TY)KaBleHHS. TeIOBUIUIEHHS TaKUX
IIEMEHTIB 4epe3 72 TOAWHU, HE3BAKAIOUM Ha iX BHCOKY AaKTHUBHICTh, CKJIQJJa€ BCHOTO
150...180 Ix/r, mo B 1,7...2 pa3u MeHIIe, HIX Yy MBUIAKOTBEPAHYUYOrO MOPTIAHALEMEHTY MapKu
600 1y 2...2,4 pa3u HUXK4YE, HIK Y TIMHO3EMHOTO LieMeHTy. BiacHi nedopmarii ycaaky ckiaiis 3
MoaudikyrounMu Jo0aBKaMHU Ha MOMEHT cTabimizanii nopisHroBaiu 0,5...0,6 MM/M.

Kiro4oBi cjioBa: CTpyKTYpOyTBOPEHHS, CTPOKH TY)KaBJICHHs, JTy)KHA aKTHUBAIlisl, POZUYMHHE
BHCOKOMOJYJBHE CKJIO, BIAaCHI AedopMallii ycaaku.

Beryn. YV cBiToBiM OyniBenbHIH MpakTHlll Bce Oublie 3pocTae morpeda y BHCOKOMILHUX
O0eToHax 3 IHTEHCHMBHMM HaOOpOM MIIHOCTI Yy paHHI CcTpokd. lle 3ymMoBieHO mOCTIHHUM
MIJBUIICHHSIM BUMOT J10 (Di3MKO-MEXaHIYHMX Ta EKCIUTyaTalliiHUX XapaKTEepUCTUK OETOHIB Ta
MIparHeHHsM /10 CKOPOUYEHHS TEPMiHIB OyA1BHUIITBA.

3 mi€i TOuKM 30py Bce OUIbIIE 3pOCTaE 1HTEpeC 10 JYKHOAKTUBOBAHMX LIEMEHTIB, ILO
OOyMOBJIEHO KOMIUIEKCOM OCOOJIMBHUX BJIACTHBOCTEH, 30KpeMa, BHCOKOIO MIIHICTIO 1
JOBTOBIUHICTIO IITYYHOTO OTPHUMYBAaHOT'O KaMEHIO, K1 EPEeBEePIIYIOTh TPaIUIliiHi eMeHTH [ 1-7].
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BUILDING MATERIALS AND TECHNIQUES

A IIeMEHTH, BUTOTOBJICHI 3 BHUKOPHCTAHHSIM PO3YMHHOTO CKJa SK JY)KHOTO KOMIIOHEHTY,
3aCIIyTOBYIOTh OCOOJMBOI yBaru y 3B'SI3KYy 3 iX 3JaTHICTIO MPU NPABUILHOMY BHOOpI MapaMmeTpiB
TEXHOJIOTIYHOTO MPOLECY 1 KOMIIO3UIIIMHOTO CKJIaay IEMOHCTPYBAaTH BUCOKY MIIHICTh 1 IIBUIAKHHA
Ha0ip MIIHOCTI Ipu 30epeKEeHHI BUCOKUX eKCIUTyaTalliiHux BiactuBocteit [3, 4]. Oxpim Toro, 1e
0CO0JIMBO aKTyaJbHO 1 3 TOUYKH 30py 3aXUCTY Ta OyIiBHULTBA 00'€KTIB KPUTUYHOI iIHOPACTPYKTYpH
KpaiHu, TaM Jie HeoOX1HI BUCOKI rapaHTii 3aXHUCTY, HETPOHUKHOCTI Ta JOBTOBIYHOCTI.

Ane mnpobiemor0 e(EeKTHBHOTO BUKOPUCTAHHSA B'SDKYYMX IEMEHTHUX KOMITO3HIIIM,
aKTUBOBAaHUX PO3YMHHUMH BUCOKOMOAYJIHHUMH CHIIIKATAMH HATPi0, 1 MAKCUMANIBHOI peaizaliii ix
CrelialbHUX BIACTUBOCTEH €, y IEpIIy Yepry, KOPOTKi CTPOKHU TY>KaBJICHHS.

Tomy Meroro nmaHoi poOOTH OyJI0 JOCTDKEHHS BIUIMBY MOAM(IKYIOUYHX J00aBOK,
CHJIIKATHOTO ~ MOAYJS  TIAPOCWIIKATIB  HATPII0 Ta PEXHUMIB TEXHOJOTl Ha IMPOLECH
CTPYKTYPOYTBOPEHHS IITYYHOTO LIEMEHTHOTO KAaMEHIO Ui €(pEKTUBHOIO YIPAaBIiHHS CTPOKaAMHU
TY)KaBJICHHS, BJIACHUMH Je(dopMallisiMi YCaJKu Ta IOCATHEHHS BHCOKOI MIIHOCTI Ha CTHCK
(> 80 MIla y nopmaruBHOMy BiIti 28 mi6 1 > 20 MIla uepe3 3 roauHu TBEPIIHHSI Y HOPMAJIbHHUX
yMOBax) 1 CTPOKIB TIOYaTKy TYXXaBJIEHHS He MeHIe 15 XB., M0 JONYCKa€TbCA IS
CYIEPIIBUIKOTBEPAHYUYHUX CHCTEM.

AHati3 ocTaHHIX J0CHiIKeHb Ta myOaikauii. BpaxoByrouw, mo B3a€MOisl CHITIKATiB
KalbIil0 KJIIHKEpa 3 JYXKHUMH KOMIIOHEHTAMHU Y BHIJVISII PO3YMHHUX CHUIJIIKATIB HATPIIO
XapaKTepPU3y€EThCs aKTHBHOK Koarynsiiero [8], BUHMKAae HEOOXIAHICTH IMOIIYKY 1 BUKOPHCTAHHS
MOAU(DIKyIOUUX JOOABOK 3 YINOBUIBHIOIOYUM €(EeKTOM, CTIMKUX A0 Jii BHCOKOJIYXHOTO
cepenoBuma. Astopamu [9,10] y sKOCTi yHOBUIBHIOBAdYiB TYKABJICHHS 3alPONOHOBAHO
Bukopuctanus pgo6aBku KF. [lokazano, mo ehekTuBHICTb J0O0aBKM MiABUIIYETbCS MO Mipi
3pOCTaHHS CHIIIKATHOTO MOJYJIsl PO3UYMHHOTO CKJIa 1 3MEHIICHHIO HOro cepelHboi T'YCTHHH. Aue
mpoKkoMy BukopucTanHio ao6aBku KF mepemikomkae ii BIIHOCHO BHCOKA IiHA 1 TOKCUYHICTb.
Bigomi crnpoOu peryiroBaHHS CTPOKIB TYKaBJICHHS B'SDKYYHMX CHCTEM Ha OCHOBI KIIIHKEPHHX
[IEMEHTIB, IIJIaKiB Ta BUCOKOMOAYJIbHHX CTEKOJI BBEICHHSIM J100aBKM TpuHaTpiidocdary HaTpiro
(mani mo Texcty TH®) no po3umnaHOTO cKia [11]. Asne yepe3 BiTHOCHO HEBUCOKY po3uuHHICTE THD
1 BUCOKY XIMIYHY aKTHBHICTh IIIAKOIYKHHUX LeMeHTIB Ti€l kiubkocTi TH®, 1o po3unnsiace, 6yio
HE 3aBXXIH JIOCTATHBO /IS 32a0€3MeYeHHsT TEXHOIOTTYHO IPUHHATHUX CTPOKIB TY>KaBJICHHS.

TpuaTromuwuii momion (IIiLIEPUH) 3aCTOCOBYBaBCA SIK MOAMGIKATOP T1IpaTy CUJIIKATy HATPIIO
y SKOCTI, TaK 3BaHOI, 3MIMBAIOYO0T JOOABKU JJIsi KCEPOTEIEBUX CTPYKTYP TIApaTy CUIIIKATy HATPIIO 3
MiBUIIIEHOIO MIIHICTIO 1 BOJOCTIHKICTIO. KpiM Toro, BiioMo, 110 TIIIEPUH MPUCKOPIOE TiApaTallito
[IJIaKy y MPUCYTHOCTI T1JIpaTy CHIIIKATy HATpPil0 3 YTBOPEHHSM JOJATKOBUX CTPYKTYPHHMX LIBIB Y
1eMeHTHoMY KameHi [12]. lle BU3Hauae miJIBUIEHY MIIHICTh LIEMEHTHOI MaTpHIll IpU 3THHATBHUX
HAaBAaHTKEHHX. 3aCTOCYBAHHS TJIILEPUHY K MOJAU(]IKaTOpa T03BOJIUIIO 3alPONOHYBATH CUCTEMY
"mlaKk — TiAgpaT CUIIKaTy HaTpilo — IiIinepuH" A8 PO34YMHIB Ta OETOHIB, NMPU3HAYEHUX JUIS
IIBUIKOTO BiTHOBJICHHS PI3HUX OCTOHHUX MOBEpXOHb [12]. [IpoTe aBTOpW HE PO3TIIATAINA BILIAB
poro Mojaugikaropa Ha CTPYKTYpOYTBOPEHHS JY)KHO-aKTMBOBAaHMX LIEMEHTIB, a JIMIIE
KOHCTaTyBaJIl BUCOKI €KCIUTyaTalliiiHi BIACTUBOCTI PO3UMHIB Ta OETOHIB Ha iX OCHOBI.

BukopucranHs  IHIIMX  TpaAMUIHHUX  JOOABOK-YNOBUIbHIOBAYIB  TYXaBJIEHHS  —
ermncuiikonary Harpito, JICT, VIIb, TKXK, Oypu, keparuny, eTwirinpuacekBiokcany ta iH. [13]
ManoepekTuBHE ab0 30BCIM Hee(PEKTHBHE uYepe3 BUCOKY JIYXKHICTh CEpPEJOBHINA JY>KHO-
aKTUBOBAaHUX IIEMEHTIB. YTBOPEHHS 3aXMCHUX aJCOPOLIMHMUX TUTIBOK Ta OOOJOHOK Ha MOBEPXHIi
YaCTUHOK IIEMEHTY y TaKHX YMOBaX HEMOXIIMBE. 3HIKEHHS e(DeKTUBHOCTI J0OABOK BHKIIMKAHE IIIe
i IpUPOJOI0 aHIOHHOI CKJIAJ0BOi JIY’)KHOTO KOMITOHEHTY. 30UIbIIEHHS CHIIIKATHOTO MOMYJNS CKJa
BUKJIUKAa€ 30UIbLIEHHS KOHIEHTpalli rpyn Si05” y PpO34YMHI, 110 BHU3HAYa€ 30UIbIIEHHS
KoHmueHTpanii npotonis H' [14], a 1e Beie 10 3HAYHOI 3MiHi CTPYKTypH 106aBoK. TakuM 4HHOM,
BapiaHT BHWKOPHCTAaHHS BHUCOKOMOIYJIBHHX PO3UYMHHHX CTEKOJ SK JIY’)KHOTO KOMIIOHEHTa €
HaOLIBII MPOOJEMATHYHUM 3 TOUKHU 30pY TEpMiHIB TyxkaBieHHs. Tomy po3poOka eheKTUBHUX
METO/IB PETYJIIOBAaHHS TEpPMiHAMU TY>KaBJICHHS JIy)KHO-aKTUBOBAaHUX IIEMEHTIB Ha OCHOBI
BHCOKOMOJTYJIbHUX PO3YMHHUX CTEKOJ 3IUIIAETHCS 33]aU€l0 aKTyaIbHOIO.
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Meta Ta 3aBAaHHsl po0OTM — JOCIi/KCHHS MPOIECIB CTPYKTYPOYTBOPEHHS 1 BU3HAYCHHS
NUSIXIB HAMPAaBIICHOTO KEpPyBaHHA HUMHU IS TIIBUINECHHS PaHHLOI MIITHOCTI HUTAKOIYKHUX
[IEMEHTIB, aKTUBOBAaHUX CHIIIKATaMH HATPIIO.

Buxonsuu 3 aHamizy JiTepaTypHHX JKEpen 1 TEOPETUUYHUX IepeayMOB, MeTa JOCITIIKEHHS
noJisiraja y MiJIBUIICHHI PaHHBOI MIITHOCTI IIJAKOJIYKHHUX IIEMEHTIB, 1[0 MOKE OyTH peai3oBaHO
P BUKOPHCTAHHI CHJIIKATIB HATpirO, ajie 3a YMOBU BHUPIIICHHS 3a7a4 HaIPaBJICHOTO IPOIIECY
CTPYKTYPOYTBOPEHHsSI Ta €(QEKTHBHOTO YIPABIIHHA TEPMiHAMHU TYKaBJICHHA TaKHX B'SHKYUHX
CHCTEM.

Matepiaim Ta  MeTOAMKH  AOCHIIKeHb. SIK  aTlOMOCHJIIKATHUH  KOMIIOHEHT
BHUKOPHCTOBYBAJIM MEJICHI TpaHyJbOBaHI JIOMEHHI NUIAKK PI3HOTO XIMIYHOrO  CKJIany.
XapaKTepHCTUKM MUIAKiB TpeacTaBieHi y Tabn. 1. Iluroma moBepxHs NIIaKiB CTaHOBHIIA
4420...4500 cM?/r 3a BrieiiHoM.

Tabmuus 1 — XapakTepucTuka nuiaky, BAKOPUCTAHOTO Y TOCIIKEHHIX

BwmicT oxcuaiB, % mac.
SiOz A|203 CaO MgO FeO SO; Na,O
IImax Nel 32,13 11,48 50,27 1,14 0,4 1,8 0,77 1,30 1,18

Hlnak Ne2 37,5 9,52 34,9 11,2 2,2 0,66 - 2,51 1,01

lnax

B.ILIL. M,

SIK myXHI KOMIIOHEHTH BUKOPHCTOBYBAJIHCS DPO3YMHHI BHCOKOMOIYJBbHI CHJIIKATH HATPIlO
(M=2,6 1 M=3,0 3 p = 1,4 r/m11) Ta po34unH MeTacuiIikary Hatpito 3 p = 1,25 r/mi.

Biamosinno no [14-17], cine NagPO4-12H,0 (tpunaiitpifidocdar — nani 3a rekctom THD)
Oyna BUKOpHCTaHa SIK MOAM(IKATOp AJS MiJBUIICHHS CTIHKOCTI HATPI€BHX TipaTiB CUJIIKATy 10
KOaryJisiii mpy B3aeMOii 31 IUTaKOM (LIEMEHTOM) 1, TAKMM YUHOM, JJISl CHHOBUTBHEHHS TY>KaBJICHHS
JOCIHIJUKYBAaHUX L[EMEHTHUX KOMIIO3ULiil. BmicT coni BU3HAuanu eKCHEpUMEHTaJbHO, JIOKU HE
JOCATAIACS TPUUHATHI TEPMIHM IOYATKY TYyXKaBleHHS He MeHme 15...20 xB. g [IEMEHTIB 3
BHCOKOIOT paHHBOIO MinHicTiO [18], siki Bu3Hayamuck 3a merogom EN 196-3. [0 cinab momnepeaHso
PO3UMHSUIM Yy PO3YMHI BHCOKOMOIYJIBHOTO CHIIIKAaTy Harpito y KimbkocTi 10% Big macu ckia 3
MOJAJIBLIINM JIOBEJACHHSM OTPUMAHOIO OJJHOPIAHOTO PO3YUHY 10 CepPeHbOI I'yCTUHU 1,4 r/mi1.

3a pe3yiapTaTaMH MONEPETHIX JOCIIIKEHb MOJIU(IKYIOUUM areHToM Oyrna oOpaHa J00aBKa
TIIEepuHy, SKa 31aTHa nigcuioBat Aito TH® y HampsMKy ynpaBiiHHS TEpMiHAMH TY>KaBJICHHS
Ta BIUIMBATH HA CTPYKTYPOYTBOPEHHS LIEMEHTHOTO KaMeHIO. 3 1HIIOTro OOKY, TaK SK IUILEpPUH, 1€
nojiQpyHKIIOHAIbHA ~ OpraHiyHa CIIOJyKa, SKa 3/aTHa 3B'A3yBaTH IOBEPXHEBI Ipymu
KPEMHEKHCHEBUX OJIIrOMEpPIB 3a JOMOMOTOH BOJHEBHUX 3B'S3KIB IIJISXOM 3IIUBKH MOJEKYJ
KPEMHI€BOT KHCJIOTH, TOMY 3a pPaXxyHOK LbOTO BiH 3JaTHUI NPHUHATIAHO TAaKOX IOKPAIlyBaTH
MIITHICTh HA 3TWH Ta €JIACTHYHICTH 3aTBepauIoro Oetony [19]. JlobaBka rimimepuHy BBOAMIACT Yy
PO3UMH PO3UMHHOIO ckia, mo mictuth TH®, 1 mepeminryBanack 3 HUM. OTpUMaHOIO CYMILIIIIO
3aMINIyBaJId [IEMEHTH.

[Moptnanauement 111 [-500 (CEM 142,5) BukopucTtoByBaBcs sk MOJUGiKyroun Jo0aBKa s
pEryJoBaHHS IBUIKOCTI HA0OPY MIITHOCTI IMIJIAKOIYKHUX LIEMEHTIB.

[IpurotyBanHs TicTa Ta LEMEHTHO-MIIIAHUX PO3YUHIB 3IIHCHIOBAIM y CTaHAAPTHOMY
3mimyBadi  tuny Xobapr. Sk apiOHMI 3amoBHIOBaY |y  LEMEHTHO-MIIIAHUX PO3YMHAX
BUKOPHUCTOBYBAJIM CTaHAAPTHUH Micok ['ycapiBChKOT0 pooBHIIIA.

MinHicTh IeMEHTIB Bu3Hauanu BiAnoBigHo 10 EN 196-1 Ha 3paskax-Oamoukax ckiamy 1:3
(uemeHT : micok) po3mipoM 4x4x16 cm. BigHomeHHs 00'eMy pPO3YMHHOTO CHJIIKAaTy JI0 Macu
uemMeHnty (mami  P/I]) npu  mpuroryBaHHi  LEMEHTHO-MIIIAHUX  PO3YMHIB  MIAOMpau
eKCIEpUMEHTAIbHO, 100 BEeNWYMHA JiaMeTpy pO3IUIMBY, BHUMIpsSHa Ha CTaHAAPTHOMY
CTPYILIYIOUOMY CTOJIUKY, cTaHOBUJIA 106...115 Mm.

YMOBH 3aTBepIiHHS 3pa3KiB Ui BHM3HAYEHHA MINHOCTI OynM HACTYNHMMHM: IICHS
BUTOTOBJICHHS Ta 70 3 110 — BigHOCHA BoJIOTIiCTh @ = 95...100%, t = 20+£2°C. A micnsa 3 ai6 1 10
MOMEHTY BUIIPOOYBaHb 3pa3Ki BUTPUMYBAIIUCS Y BOI.
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JloCImiDKeHHS! MIKPOCTPYKTYPH IIEMEHTHOTO KaMEHI0O BHKOHYBAJIOCS 32 JIOTIOMOTOIO
PacTpOBOr0 CKaHYIOYOTO €JIEKTPOHHOTO Mikpockona PEMA 102-02.

Kanopumerpis rigpatamii y NO€AHAHHI 3 KIHETUKOI TBEPIIHHS LIEMEHTY J03BOJISE
JOCTaTHBHOK MIpOI0 OXapaKTEepPHU3yBaTH IOYATKOBI MPOIECH CTPYKTYPOYTBOPEHHS 3 TOYKH 30Dy
MPOCTOTH BHPOOHMIITBA Ta 3aCTOCYBaHHS, MIITHOCTI, HAPY>KEHO-IE(OPMOBAHOTO CTaHY PO3YMHIB
ta OetoHiB [20-25]. TeruIOBUALICHHS TiApaTOBaHMX I[IEMEHTHHX KOMITO3HINM BH3HAYAIOCS
HarmiBaiabaTuyHUM (TepMocHMM) MertomoM BigmosigHo go JICTVY b B.2.7-289:2011 (EN 196-
9:2010, MOD) 3a nomoMororw KajJopuMeTpa BJIacCHOI KOHCTPYKIIi, MPUHIIMIIOBA CXeMa SKOTO
npezcTaBieHa Ha puc. 1.

'"'"""""""""""'"": Puc. 1. Cxema ycTaHOBKH /Ji1 BU3HAYEHHS TEILJIOTH
A rigparaiii HeMeHTy TEPMOCHUX METOJIOM:

1

|

: /1 B : 1 — mudepentiiitna Tepmonapa; 2 — mpooka;

2 \I_I‘Ll ! O . 3 —mnocyauna [roapa; 4 — nocyiuHa i IEMEHTHOTO
i 84 i TicTa ab0 pO34YMHY; 5 — IIEMEHTHE TiCTO 200

' 4 |:] ! [EMEHTHO-TIIIIAHUNA PO3UWH; 6 — TEIUI0130JISIIis;
1154 8 ' 7 — mpuiajg 1uist eNeKTPOHHOIO 3aIMCy IOKA3HMUKIB i3
i 6. . O ! 3anaH.010 MePIONYHICTIO; 8 — MOJIENIh [IEMEHTHOTO

! ke i ticta; 9 — 3aMKHYTHH 00'eM (TepMocTar) 3

1

: TEepMOCTab11130BaHOI0 TEMIIEPATYPOIO

Brnachi gedopwmariii ycagku BUMIpIoBalld BiIMOBIAHO O METONy, omucaHoro B [26]. 3pasku
ckiany 1:3 (IeMeHT: miCoK) HOpMalTbHOT KOHCHCTEHIIIT 3aJIMIalid TBepAHYTH y (popmax Ha 48 rox.,
a motiM e Ha 5 ni6. y Boai. basoBwuii (HynpoBuit) 3amip (ikcyBaBcs Ha 8 mo0y. Ilicna uporo
3pa3ku 30epiraimucs B EKCHKATOpi J0 MOMEHTY BHIPOOYBaHb HaJ MEPEHACHYCHHUM PO3UYNHOM
HoTally, sKMii 3a0e3neuyBaB BITHOCHY BOJIOTICTb 0113bK0 65% nipu t = 20+2°C.

Jlnsi BU3HAYEHHS BOJOCTIMKOCTI Oyno BHUMpPOOYBaHO JBa KOMIUIEKTH 3pasKiB JIy>KHO-
aKTMBOBAHUX LEMEHTIB BikoM 28 nHiB. Ilepmuii KOMIJIEKT TBEpHAIB y HOPMAIbHUX YMOBax
(t=20+2°C, W =95+5%), a noTiM BU3HAYal¥ MillHICTh Ha CTHMCK. JIpyruii KOMILIEKT OyB
norepeaHbo HacuueHui Boor0. KoedilieHT BOAOCTIMKOCTI BU3HAYAIH SIK BiAHOIIEHHS CepeaHbOI
MIIIHOCTI BOJJOHACMYEHHX 3Pa3KiB JI0 3pa3KiB HOPMAJILHOT'O TBEPIIHHS.

PesyabTaTn pociigkens. Cmpoxku myosicasnenns wnakonyicHux yemenmis. Ha mepiiomy
eTami OyJIo TOCHIJKEHO BILIUB MOJAU(DIKYIOUMX J100aBOK 1 CHIIIKATHOIO MOJYJIS CHUJIIKATIB HaTpPit0
Ha CTPOKM TYKaBJIEHHS Ta TEXHOJOTIUHI W (i3MKO-MEXaHIuHI XapaKTEepUCTHKH 3pa3KiB 3
LIEMEHTHOIO0 TICTa HOPMaJbHOI TIyCTUHU. [IpuHHATI AN NPOBEACHHS JOCIIIKEHb II€MEHTHI
KOMIIO3HUIIT Ta iX XapaKTepUCTUKH HaBe/eH1 y TabII. 2.

Sk BuAHO 3 Tabm. 2, 30UIBLICHHS MOJYJIS CKJIA, 32 YMOBU PETYJIOBAHHS CTPOKIB TYKaBJIEHHS
710 IPUHHATHUX 3HAUY€Hb, BEJIE 10 3POCTAHHS PaHHBOI MOYATKOBOI MII[HOCTI LIEMEHTHOTO KaMeHIo. |
SKIIO CKJIaJM Ha METacWJiKaTi HaTpil0 OCOONHMBO HE TMOTPEOYIOTh pETryJIOBaHHS CTPOKIB
TYKaBJIEHHSI — MOYATOK Ty>KaBJjeHHs 25...39 xB. (ckiagu 1...5), TO CKIagy Ha BUCOKOMOIYIbHUX
creknax 3 Mc = 2,6...3,0 6e3 no6aBku TH® 10 BUKOpUCTaHHS MPAKTUYHO HETPHUAATHI — MOYaTOK
TykaBlieHHs ckianae 3...5 xB. Jlo6aBka TH® no3Bosisie oTpuMaTy CTPOKHU MOYATKY TY)KABJICHHS Y
mexax 17...28 xB. (cknaaum 6, 9, 11, 16), a tonaTkoBe BBEJCHHS IUIILEPUHY JA03BOJISE PO3MIUPUTH
nei mianaszon 1o 28...83 xB. (ckmaam 7, 8, 10, 12, 13, 17).

BBenenHs miiBUINIEHOT KUTBKOCTI riinepuny a0 6% (ckman 14) mo3Boisie 30UTBIIMTH CTPOKU
MoYyaTKy TyXaBjieHHS 3 32 XB. 70 83 XB., ajie MPU3BOAUTH JO CYTTEBOTO 3MEHILEHHS IIBUAKOCTI
HabOpy MIITHOCTI y paHHi CTpokH (Tadu. 2, mo3. 14 1 15), xouya Ha 28 700y MIIHICTh TAKUX KOMITO3HUITIH
BUPIBHIOETHCS 1 HABITH JIEIIO MEPEBUIIYE MIITHICTh KOMITO3UIIIN 06€3 J0OAaBKH TIIIEpUHY.

Sx BumHO 3 Tabm. 2, 30imbmieHHS Monyns ckia 3 Mc=1 mo Mc=2,6...3, 3a ymoBH
peryIoBaHHS CTPOKIB TYXKaBJICHHS JIO TNPUHHATHUX 3HAa4€Hb, BelE JO 3pPOCTaHHS pPaHHBOI
MOYaTKOBOT MIIIHOCTI IEMEHTHOT'O KaMeHIO.
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Beenenns no6aBku moprianguementy I [-500 y ximekocti 1,5...3%  no3Bosie
KOMITCHCYBATH JISSKE TaAiHHS MIIIHOCTI y paHHI CTPOKH MPH BBEACHHI T0OABKHU TIIICPUHY.

Tabmuus 2 — Di3uK0-XiMiuHI XapaKTEPUCTUKU IIEMEHTHHUX MACT

TexHosoriuHi Ta (i3UKO-MEXaHIYH1

Cknajg 1eMEHTHOI KOMIIO3MIIIT, .
XapaKTEPUCTUKHU (3pa3Ku po3MIpoM 2X2X2 cM 3

% Mac.

THI')
CTPOKH
iji IIIaK no6aBku, % Tg)r’ TY)KaEJ'IeHHSI, MIIHICTh Ha cTHCK, MI1a, uepes
XB.
KiJIb- | TIiie- . . )
™| pHH JICT | IILT nou. | kiH. | 3 rox. |1 1o6y|3 nobu| 7 ni6 |28 nibd
Jly)XHMI KOMIIOHEHT — pO34MH MaTacwiikary Hatpito, M =1, p = 1,25 r/mn
1 100 | - — — 191 | 28 | 44 | 4,7 | 33,7 | 55,1 | 76,3 | 91,3
2 | Nel [100 | - 0,5 — 190 | 30 | 39 | 51 | 32,0 | 58,8 | 76,7 | 96,6
3 100 | - 0,5 15 195 | 25 | 30 | 159 | 48,8 | 66,3 | 82,9 | 98,8
4 Ned 100 | - — — 190 | 39 | 54 | 29 | 126 | 33,6 | 58,9 | 82,1
5 1100 | - 05 | 30 192 | 35 | 40 | 48 | 32,4 | 48,1 | 68,0 | 93,7
Jly)KHU KOMIIOHEHT — pOo34rHHE CKJIO 3 100aBkor0 10% THD, M, = 2.6, p = 1,4 r/mn
6 100 | - — — 27,0 17 | 20 | 225 | 36,5 | 56,9 | 71,5 | 88,1
7 | Nel | 100 2 — — 26,8 | 28 | 31 | 16,9 | 30,1 | 46,4 | 78,8 | 103,3
8 100 2 - 15 | 280 | 26 | 29 | 19,7 | 34,1 | 48,4 | 80,8 | 107,3
9 Ned 100 | - — — 270 | 24 | 31 | 6,8 | 10,5 | 352 | 60,6 | 87,1
10 | " | 100 2 — 30 | 280 | 37 | 49 | 95 | 27,1 | 46,0 | 73,6 | 101,2
Jly)KHUH KOMIOHEHT — po34rHHE CKJIO0 3 100aBkor0 10% THD, M, = 3,0, p = 1,4 r/mn
11 100 | - — — 27,0 19 | 23 | 20,3 | 385 | 594 | 752 | 89,4
12 100 2 — — 269 | 32 | 37 | 16,7 | 298 | 47,8 | 79,4 | 106,3
13 | Nel | 100 2 - 15 | 281 | 30 | 35 | 18,7 | 34,3 | 49,8 | 80,4 | 111,3
14 100 6 — — 26,5 | 83 | 110 — 125 | 359 | 55,6 | 90,1
15 100 6 - 15| 263 | 72 | 81 | 6,3 | 20,3 | 44,0 | 66,1 | 96,8
16 N2 100 | - — — 27,3 | 28 | 35 | 6,5 | 10,0 | 351 | 60,0 | 86,2
17 | " | 100 2 — 30 | 285 | 44 | 56 | 9,0 | 26,8 | 455 | 73,1 | 109,1
[TpumiTtku:

1. IImak Nel — Mo = 1,18; miak Ne2 — Mo = 1,01.

2. Jlo6aBku nosyBanucs nonaa 100%.

3. Tlouatok TyxaBieHHs ckinaniB Ne 6, 11 mpu BUKOpUCTaHHI PO3YHHHOTO BUCOKOMOTYJIEHOTO
ckia 3 Mc = 2,6 i Mc = 3,0 6e3 Oyap sikux 100aBoOK ckiagae 3...5 XB.

4. JICT — nirnocynehonar TexHiunuit HarpieBuit, [1L] — moprnananement I111 1-500.

3MeHnIeHHss Mo 1uIaKy NpU3BOAUTH O 3HMKEHHsI MIIHOCTI Ha yCiX eTarax TBEpiHHS 1 B
yCiX CKJIaJax, aje MpH HbOMY 3pOCTalOTh CTPOKH MOYATKY TYKaBJICHHS KOMIIO3HIIIH.

Jamni O6yna nepesipeHa aist kKoMiuiekcHoi 100aBku "TH® + riiuepun" Ha CTPOKU TyXKaBIEHHS.
Pesynbraty npejcraBieHi Ha puc. 2, 3 SKOTO BHJIHO, IIIO TUTBKY TJIIIEPHH, HABITh Y JOBOJII 3HAYHIM
KUTBKOCTI, Majo BIUIMBa€ Ha 30UIbLICHHS TEPMIHM TY)KaBJIEHHS — BOHM KOpOTKi. Jlemio kparii
pe3yNbTaTH 3 PO3UMHHUM CKJIOM, SIKE MICTUThH J00aBKy TpuHaTpiigocdary. I Tinbku KOMIUIEKCHA
nobaska "rminepun + TH®", sk perynarop TEepMiHIB Ty>KaBJIEHHS, Ji€ OUIbII pe3yIbTaTHUBHO,
OYEBHIIHO 32 PaXyHOK CHHEPTeTUYHOTO ePeKTy. Y IaHOMYy BHIIAJKy BHUKOPHUCTOBYBAJWCS [Ba
PO3UMHH PO3YMHHOTO CKJIa 3 CepeHbOI0 rycTHHOIO 1,4 /M 1 M=3,0 i3 BmicToMm B HuX 5% 1 10%
TpuHartpindocdaTy, 10 IKUX T0AaBaBCS MIIILEPUH Y PI3HUX CIIBBIAHOUICHHSX.
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Puc. 2. Bonus cknany komiiekcHoi 1o6asku "TH® + riinepun" Ha CTPOKH TY>KaBIEHHS JIy>KHOTO
MOPTIAHIIIEMEHTY Ha OCHOBI PO3YMHHOTO BHCOKOMOYIHHOTO ckia (p=1,4 r/mi, Mc=3,0)

Taxum yMHOM, pe3ysbTaToOM, SIKUM 3a0e3Meuye CTPOKHU MOYaTKy TyxkaBiaeHHS 25...30 XBUIUH
€ criBBigHomeHHs "riminepud | TH®" sk 1:3 3 BMicToM y po3unuHOoMy ckiti 10% TH® (puc. 2).

Tennosuoinenns. Binomo [26, 27], mo KamopuMeTpisi TPOIECIB TiapaTarii Ta TBEpPIHCHHS
LIEMEHTHUX CHCTEM, 3HAaXOAWUTHCS Yy TICHOMY B3a€MO3B'A3KYy 3 KIHETHKOIO IIpOLEciB iX
CTPYKTYpOYTBOpeHHs. Lle MOCmyXHii0 OCHOBOIO BHOOPY TAHOTO METOAY Y IOCITIJUKCHHSX, SK
OJTHOT'O 3 HaWOUIBLI PO3MOBCIO/IKEHUX Ta JIOCTOBIPHUX HNPUHOMIB BU3HAYEHHS BIUIUBY J00ABOK-
Mo (iKaTOPiB HA TOYATKOBI MPOIECH CTPYKTYPOYTBOPEHHS.

PesynpTaTi npoBeeHUX JOCITIKEHb IPECTaBIeHI Ha puc. 3.

Amnaii3z mpoueciB TBEpIiHHS Ta HAO0OpYy MIIMHOCTI 0a30BMX LEMEHTHHUX KOMIO3HIiA Ne6 u
Nell (6e3 opraniunux MoaudikaTopiB) MOKa3ye HASBHICTh HEBEIMKUX TEIIOBUX €(EKTIB OIpasy
MICJIE OTPUMAHHS TIACT, K1 XapaKTepHi AJIs 3MOYYBaHHS IIUTAKOBUX 3€PEH 1 MOYATKY X TiapaTtarii.

XapakTep TEMJOBHUIUIEHHS KOMIO3MLINA Ha OCHOBI ckia 3 Mc = 2,6 1 Mc = 3,0 sKkicHO
MpakTU4YHO oAHAaKOBUM (komrl. Ne6 1 Nell). KinbkicHo TeroBuaieHHs ckiany Nell gemo Huxue.
I1e BiporiHO MOB'I3aHO 3 MiJBUILIEHUM CTYIEHEM 3aroliMepi30BaHOCTI KpeMHito y ckimi 3 M=3,0
Ta TIOHM)KEHHSM HOTr0 akTHUBHOCTI, IO 3a0e3Medye YIOBUIPHEHHS MOYATKYy TYXKaBJICHHS TaKoi
KOMIIO3HU1Ii, SIKe MPHU BUKOPHCTAaHHI po3uMHHOrO ckia 3 M =3,0 mnoumHaeTbcs yepe3 20 xB. y
MOPIBHSIHHI 3 17 XB. JIJI1 KOMIIO3HIIIT HA PO3YMHHOMY CKJIi 3 M.=2,6.

AHaui3 mpoleciB TBEPAIHHS Ta HA0OPYy MIIIHOCTI 6a30BHX [EMEHTHUX KOMMO3UIIiil Ne6 1 Nell
(0e3 opraniyHMX MOAM]IKATOPIB) MOKAa3y€e HASBHICTb HEBEIMKUX TEIJIOBUX €(EKTIB OJpa3y MICisd
OTpPUMaHHS 11aCT, K1 XapaKTepHi AJIs 3MOUYYBaHHS [IUTAKOBUX 3€PEH 1 MOYaTKy iX Iijpararii.

Biamiveno, mo nams kommosuiii Nell 3 BHUKOPHUCTAHHSM pPIiJKOTO CKJa 3 IiJIBUIICHUM
cuitikatHUM MoayJieM (M¢=3,0) y mopiBHsIHHI 3 Komno3uuiero Ne6 (pinke ckio 3 M=2,6) Mae micue
NesIKUN 1HIYKIIHHUN 1epio nepe]] MoYaTKoM TYyKaBJIeHHsS Ta (POpMYBaHHS OCHOBHHMX IOYAaTKOBUX
riipatHux cTpykTyp. Lle BiporiiHo mNOB'A3aHO 3 MiJABMIIEHUM CTYIEHEM 3aIloJjIiMEepPi30BaHOCTI
KpeMHiI0 y ckil 3 M =3,0 Ta MOHM)XEHHSIM MOro akTHUBHOCTI, 110 3a0e3Medye YMOBUIbHEHHS
MOYaTKy TY)XaBJICHHS Takoi KOMIO3MIi, SIKHM MpH BUKOPUCTaHHI PO34MHHOro ckia 3 M =3,0
MOYMHAETHCS yepe3 19 XB. y mopiBHsIHHI 3 17 XB. 17151 KOMITO3MIIIT Ha piKoMy cKili 3 M(=2,6.

[Momanbmuii pO3BUTOK CTPYKTYPOYTBOPIOIOUMX —IPOLIECIB TAKMX KOMIIO3UIIN NPaKTHYHO
OJIHAKOBUH JI0 MPOSIBIIEHHS OCHOBHOTO ek30edekTy (depe3 5...7 rof.) 3 ACSIKUM BiACTaBaHHAM Y
qaci JIsi KOMITO3HU1Iii Ha pifkoMy ckiii 3 Mc=3,0.
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Puc. 3. KpuBi TerioBuaUICHHS OCITIDKEHUX
[IEMETHUX KOMITO3UIIiil HA PO3YMHHOMY CKJIi
(ckyaau KOMIO3UIIIN 3 XapaKTepUCTUKAMU —

y Tabi. 2):

6 — mutak + po3unnHe ckio (Mq=2,6) 3 THD.;
7 — nutak + po3unHHe ckio (Mq=2,6) 3 THD +
rmnepud (2%) + 1,5% o/m; 11 —
nuak + posunnue ckio (Mq=3,0) 3 TH®; 12 -
nuak + posunHue ckio (Mq=3,0) 3 THD +
rninepuH (2%); 14 — nuiak + po3ymHHE CKIIO
(M =3,0) 3 TH®. + raiuepun (6%)

MaKCUMYMY TCHJ'IOBI/II[iJIeHHH MOro 3HMWKEHHS Ipu BI/IKOpI/ICTaHHi CKJia 3

Mc=3,0 HocuTh OlbIlIe KPYTHI XapakTep, 110 MO3HAa4a€e IHTEHCH(IKAIlil0 MPOLECIB YHOPSIKYBaHHS
CTPYKTYPOYTBOPIOIOUHMX CHOJNYK Ta (OpMYBaHHS CTPYKTYp MiJBHIIEHOT MIIHOCTI, SK Ha 1 100y
TBEPJIIHHS, TaK 1 MOCHIIJOBHOTO BITHOCHOTO ii HapouryBaHHs. [Ipy 11boMy IleMEHTHa KOMIIO3HUIIS Ha
ckii 3 Mc=2,6 3a 3 no0y TBEpIiHHA XapaKTepH3YeEThCS MAaKCHUMAaJIbHUM 3HAYEHHSIM MHTOMOTO
teroBuaiieHs: 288 JK/T y MOpiBHSAHHI 3 IEMEHTOM Ha piakomy ckii 3 Mc=3,0, XxapakTeprcTHKa
SKOTO TO3HaueHa 3HaueHHsM 244 Jx/r. Lle BiporimgHO MOB'S3aHO 3 HasBHICTIO y ckii 3 Mc=3,0
MIABUILEHOTO BMICTY KPEMHEKHCHEBUX CTPYKTYpP 31 CTYIEHEM 3B'A3aHOCTI Q*, sxi He MIPUMMAOTh
y4dacTi y peakuisix CTPYKTYpOYTBOPEHHS, a SIBISIIOTH COOOK CaMOCTIHHI TOJIMEpHI CTPYKTYpH

OEMCHTHOI'O KaMCHSI.
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BBenenss B sikocTi Moau(ikaTopa IILEpUHy CIpHsie OesKii racTudikamii HEeMEHTHUX MacT
(ckmagm Ne7 Ta Nel?), a TakoX yMNOBUIPHEHHIO TOYATKYy TYyKaBieHHA g0 28 xB. Ta 32 XB.
BIJIMOBITHO TPU BHKOPUCTaHHI ckiaa 3 M =2,6 ta M.=3,0. Lle y3roKyeThCcsi 3 HASBHICTIO
BIIMOBITHUX IHAYKIIHHUX TIEPIiOJIiB HA MOYATKOBUX CTAAISIX TigpaTtarii IEMEHTHUX KOMIIO3HUIIIN 31
3MIHOIO IIBUJIKOCTI (3CYB Yy 4aci) Ta XapakTepy pO3BUTKY TeruioBux egekrtiB (puc. 3). Lle moxe
OyTH TMOSICHEHE MJHCOILIHOBAaHMM CTaHOM KPEMHI€BOi KHCJIOTH Ha IOYaTKOBOMY eTarli
CTPYKTYPOYTBOPEHHSI y MPHUCYTHOCTI TIIIEPUHY, 1 TOJTIMEpU3AIEI0 KPEMHEKHUCHEBUX aHIOHIB
Mi3HIIIE Y IepioJ1 aryioMepartii ripaTiB CHITIKATIB KaJIbIIO.

[Monmanpmmii po3BUTOK (POpPMYBaHHS MIITHOCTI PO3MIIIHYTHX KOMIO3HIINA CYHPOBOIKYETHCS
PI3KMM TIIBUIIECHHSM IHTCHCHBHOCTI ii MPUPOIIEHHS 3 JOCATHEHHSAM Y Bili 7 mi0 MIIHOCTI TpH
crucky 78,8...79,4 MIla, a y Bimti 28 116 — 103,3...106,3 MIla (ta6:x. 2, ckiaaau Ne7 ta Nel2).

[likaBuUM € pe3ynabTaT yBEACHHS J0 IIEMEHTHOI KOMIIO3HUIli Ha PO3YMHHOMY CKiIi 3 M.=3,0
MiABUILEHOI KiJBbKOCTI Tainepuny (tadn. 2, ckmang Neld). Ile 3abe3mneuye ynoBUTBHEHHSI CTPOKIB
MOYaTKy TyxaBjieHHs 10 83 xB. OfHAK 1€ CYIPOBOKYEThCS TAKOX 1 3HUXKEHHSIM 1HTEHCHUBHOCTI
HAa0Opy MIITHOCTI MITYYHOTO KaMEHS 3 JIOCSTHEHHsM Ha 1-y o0y 3HadenHs Rg, = 12,5 MIla.
Biamiveno, 1o ajs 1aHo1 KOMITO3HITIT Mae Miclie iHTeHCHdIKAIlis pO3BUTKY MIITHOCTI Ticis 7 100w,
[0 CYIPOBOKYETHCS AOCATHEHHSIM Ha 28-y moOy minHocTi nipu ctucky 90,1 MIla. To6To, mei
MOKA3HHUK IS0 MEPEBUIIY€E MIIIHICTh IITYYHOTO KaMEHs Ha IIEMEHTI 0e3 J00aBKH TIiLEepHHY.

3 pO3BHUTKY TEIUIOBHIIICHHS I1i€] TBepitouoi kommosuiii (puc. 3, ckiran Neld) BunHO, 1m0 10
1-i 1oOu BOHO XapaKTEepU3YEThCS HE3HAUHUMU KOJUBAHHSMHU TEIUIOBUX edexTiB. MakcumanbHa
MIBHJIKICTh TIporiecy ()OpMyBaHHS MOYATKOBOI CTPYKTYPH 3MIIIyeThCs 10 32 TOA., a 3arajibHe
MUTOME TEIUIOBUIUICHHS 3a 3 100M XapakTepu3yerbes 3HaueHHsM 119,6 Jx/r.

TepMmokiHeTHYHI TpoleCH TPH  Tigparamii JIy)KHO-aKTHBOBaHMX IIEMEHTIB  J00pe
KOPECIOHIYIOThCS 13 BJACTHBOCTSAMH PO3YHMHIB Ha 1UX IeMeHTax (Tadmn. 3). Tak, moaudikaropu
JICII0 3HWKYIOTh MTOKA3HUKKM PaHHBOI MIIHOCTI (3 TOJWHM) IIEMEHTHOTO KaMeHIo, alie yepe3 7 1o
MIIHICTB Pi3KO0 3pocTae 1 10 28 ni0 crae OIM3bKOI0 ab0 BUIIOKO, HIK y €TalloHHOTro ckiamy. yxe
Ba)XXJIUBO, 1[I0 MEXa MIITHOCTI MIPH 3TWHI PO3YMHIB HA OCHOBI MOJU(IKOBAaHHUX JTY)KHO-aKTHBOBAHUX
[IEMEHTIB y BCIX BHUIIQJKaxX NEPEBUIIyBalla 3HAUYEHHS KOHTPOJIBHHUX CKIIAJIB, IO OMOCEPEIKOBAHO
BKa3ye Ha MiABUIICHHS TPIIIUHOCTIMKOCTI TAKUX CKIIAIIB.

Mikpocmpykmypa. Y pO3BUTOK 3a3HAYCHHUX MPOIECIB MOYATKOBOTO CTPYKTYPOYTBOPEHHS Ta
CHUHTE3y MILHOCTI PO3IJIIHYTI 0COOIMBOCTI (POPMYBaHHS MIKPOCTPYKTYPH TaKMX KOMIIO3MIIM 3a
JIONIOMOTOI0  €JIEKTPOHHOTO MIKpOCKomy miciast 28 110 TBEpAiHHS Yy HOPMAalbHHUX YMOBaXx.
MikpocTpyKTypa MITYYHUX KaMEHIB, JOCHIPKEHHX LEMEHTHHX KOMIO3MIIA 3 BUKOPUCTAHHAM
PO3YMHHUX cTekod 3 Mc=2,6 Ta Mc=3,0, moka3ana Ha puc. 4.

3 HaBeJACHMX MIKPO3HIMKIB CTPYKTYpU IITYYHUX KaMEHIB Ha I[IEMEHTHUX KOMIIO3MIISAX 3
BUKOPUCTaHHS PO3UYMHHOIO CKJa 3 M =2,6 MOXHa 3p0OUTH BUCHOBKH, 1110 HA BIIMIHY BiJl 0a30BHX
KOMIO3HUIIIH 0e3 mo0aBku Tiinepuny (puc. 4, kommo3uiist Ne6) BBeeHHS TIIIEpUHY Y KIJIBKOCTI
2% (puc. 4, xomno3uitis No7) cripusie miIBUIICHHIO 00'eMy CTPYKTYPOYTBOPIOIOUHX TipaTHUX (a3,
SIK1 BIIKJIQIAIOTHCSL HA OCHOBHIN CKJIONMOA10HON MaTPHIll y BUTJIAII CYOMIKPOKPUCTATIYHHUX CITOTYK
cdeponiTHOI hopMHU, sKi 00'€THYIOThCA y arjloMeparTu Ta OJIOKU-arperary.

AHanoriuHa KapTMHa CIOCTEpIraeThecs 1 Mpu (OpMyBaHHI CTPYKTYp LIEMEHTHOTO KaMeHs y
KOMIIO3ULISAX 3 BUKOPUCTaHHAM PO3UMHHOrO ckia 3 M =3,0 npu BBeneHi rainepuny 2% (puc. 4,
koMmmo3uis Nel2) ta 0co011BO NpU BUKOPUCTAHHI MIILEPUHY Y KUIbKOCTI 6% (puc. 4, KoMIO3u1Lis
Nel4).

BuBYeHHS MIKpOCTPYKTYpH ITy)KHO-aKTHUBOBAHOTO IIEMEHTHOTO KaMEHIO IiITBEPIKYE
HaBEJIeH] BUIIIE Pe3yJIbTaTH Ta MOKa3ye MepeBary Moau(ikoBaHOTO JTYKHO-aKTUBOBAHOTO IIEMEHTY
y TIOpIBHSHHI 3 €TAJOHHUM CKJIagoM. Taka MIKpPOCTPYKTypa TIO3UTUBHO BIUTMBAE Ha
TPILIMHOCTIMKICTH IPIOHO3EPHUCTOrO OETOHY, a 3HAUEHHS yCaJK/ HIKYi (puc. 5).
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Kommnosurist Ne6
p/ckio (Mc=2,6) + THD

A < ’ - e
25.00kV__ x250 " 20, . 25.00kV_ x5.00k

WD=16.5mm 7 25,006V
Komno3zumis Nel2
p/ckiio (Mc=3,0) + TH® + riing

\r.

25.00kV_ x2.50k____ 20um
Puc. 4. MikpocTpyKTypa lIEeMEHTHOTO KaMeHsI 3 BUKOPUCTAHHSIM PO3YUHHOTO
BHCOKOMOJYJIbHOTO CKJIa:
6 — mutak + po3unHHe ckiIo (M¢=2,6) 3 TH®.; 7 — mak + po3uunue ckio (M=2,6) 3 THD. +
riinepuH (2%); 12 — nutak + po3unnne ckio (M=3,0) 3 TH® + rminepun (2%); 14 — nuiak +
po3unnHE ckiio (M=3,0) 3 TH® + riinepun (6%)
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Bracni oegopmayii ycaoku. Ha puc.5 nobOpe BUAHO, M0 BBEICHHS 3alpONOHOBAHUX
MoAuGIKaTOPIB JO3BOJIUIO 3HU3UTH Aedopmariii yaBidi 1 Oubie. Bkl BHCOKI CITIBBITHOIICHHS
MDX MII[HICTIO Ha BUTHH 1 MIIIHICTIO HA CTUCK, HIXK y €TAJIOHHUX 3Pa3KiB, BKA3yIOTh Ha OLIBII
BHCOKY TPIIIMHOCTIHKICT MOAM(IKOBAHUX JTYKHO-aKTHBOBAHUX PO34MHIB (TabI. 3).
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Puc. 5. Bnacui nedopmariii ycanku 1piOHO3epHUCTHX OCTOHIB HA Ty)KHO-aKTUBOBAHMX I[EMCHTAX:

1 — mmak; 2 — nwiak + rinepus (2,0%); 3 — nutak + rinepud (2,0%) + IT11 (1,5%);

3amilryBad — po3urMHHE CKJI0, M, = 2,6, p = 1,4 r/mn, BmicT fo6aBku TH® y pozunnnomy ckmi 10%

BiJ Macw ckiia. CkJaju KOMITO3UIliH — y Tabm. 3

Busnauenns isuxo-mexaniunux xapaxkmepucmux WINAKOIYHCHUX YEMeHmis, aKmueos8aHux
BUCOKOMOOYTIbHUM PO3UUHHUM CcKaom. He NUBISYMCH Ha OTpUMaHi JOCTATHbO BHUCOKI (hi3HKO-
MEXaHIYHI XapaKTePUCTUKH Yy CTaHJApTHI CTPOKU TBEPIIHHS — MILHICTh Ha CTUCK uepe3 28 nid
82,1...98,8 MIla (Tabmn. 2, cknaau 1...5), HeMONIKOM BUKOPUCTAHHS METACHIIIKATy HATPIIO € Te, 110
BIH HE3/IaTHUH 3a0e31euyBaTH BUCOKY PAHHIO MIIIHICTh IIJIAKOIY)KHUX KOMIIO3HIIH uepe3 AeKiIbKa
roguH. ToMy MOAanbIli JOCTKEHHS MO BHU3HAYEHHIO OCHOBHUX TEXHOJIOTIYHMX 1 (hi3HUKO-
MEXaHIYHUX XapaKTePUCTHUK [UIAKONYXKHHX I[EMEHTIB BUKOHYBAIHCS 3 BHKOPHCTaHHSIM
BHCOKOMOJTyJIbHOT'O PO3YMHHOI'0 HAaTP1€BOTO CKJa. Pe3ynbTaTtu npeacrasieHi y Tadm. 3.

Sk BunHO 3 Tabn. 3, y npucytHocTi Ao6aBku TH® y po3unHHOMY CKJII CTPOKH IMOYATKY
TY>KaBJIGHHS CKJIaJatoTh 17 XB., a MilHICTh yepe3 3 rogunu — 23,1 MI]a.

BBenennst 2% m006aBKH TIIIEPUHY T03BOJMIO PO3TATHYTH CTPOKH TyXaBlieHHS 10 32 XB.,
ajie 3HU3WIO TI0OYaTKOBY MIIHICTh uepe3 3 roaunu — 10 16,7 MIa.

Beenenns nHapsaay 3 2% riiuepuny 1,5% nopTiaHALEMEHTY A03BOJII€ KOMIICHCYBAaTH BTpaTy
MIIHOCTI miaBUIuBIIH ii 10 21,4 MIla npu cTpokax mo4yaTKy Ty>KaBJIeHHS 28 XB.
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Tabmuns 3 — @i3UK0-MeXaHiuHI Ta TEXHOJIOTIYHI BIACTHBOCTI IIEMEHTHO-TIIIIAHUX PO3YUHIB

Bnactusocri
IlemenTHa
. LIEMEHTHO- .
KOMIIO3MII1, LIEMEHTHOT'O . Minnicts Ha cTuck/3ru, MIla
o . MIMAaHuX Koed.
o Mac. TicTa .
Ne pO34YHHIB BOJO-
3/m noya- po3- 3 CTiM-
raoine-| THI, | Tok ILUIUB 11 3 7 28 | kocTi
max | IIL puH % |TyXaB. P/ KOHY- o noba | modbu | nid o
XB. camm| 1
23,1 | 36,5 | 57,0 | 71,0 | 86,2
1| 100 - - 28 17 10,39| 115 38 5.2 6.0 8.9 9.5 0,89
16,7 | 34,1 | 51,0 | 80,3 |114,0
2 | 100 - 20 | 275 32 |0,38| 116 4.0 5,5 71 02 | 138 0,92
21,4 | 38,2 | 58,6 | 82,2 |117,1
31975 15 2,0 28 28 0,4 | 118 3.9 6.9 73 0.8 | 139 0,95

[TpumiTtku:

1. Imak Nel — Mo =1,18.

2. CxJaj HeMEHTHO-IIAaHUX PO3YUHIB 1:3 3 BUKOPUCTAHHSM CTAaHJAAPTHOTO ITICKY.

3. 3amimyBay — po3yuHHE ko, M, = 2,6, p=1,4 r/min, BMicT go6aBku TH® y po3unHHOMY CKITi
10% Bin macu ckna. [ — moptnanauement I111 I-500. I'minepun no3ysascs nonaa 100%.

Koeodinient BomocTiiikocTi ycix kommosuniid gopiBHioBaB 0,89...0,95. To6to BoHU
BOJIOCTIHKI.

TakumM  9YMHOM, BHUKOPHCTaHHS BHCOKOMOJYJIBHOTO CKJa JO3BOJIIE  OTPUMYBATH
HAIIBHIKOTBEPIHYYI KOMITO3HIIIT 3 MIITHICTIO HA CTUCK 4epe3 3 rogunu 16,7...23,1 Mlla, uepe3
1 no6y — 34,1...38,2 MIIa, uepe3 3 nobu — 51,0...58,6 Mlla, a yepes 28 ni6 — 86,2...117,1 Mlla
(tabm. 3, cknamy 1...3) npu NPUAHATHUX CTPOKAX MOYATKY TYXKABJICHHS.

BucHoBku:

1. JocmiKeHO TMpOUEeCH CTPYKTYPOYTBOPEHHS IIIIAKOJTYKHHX IIEMEHTIB, aKTHBOBAHUX
CHJIIKaTaMM HaTpil0, Ta BU3ZHAYEHO NUIIXM KEPYyBaHHSA iX IHTEHCUBHICTIO 32 paXyHOK BUKOPHCTaHHS
koMIuiekcHoi 1o0aBku "TH® + rninepun" npu pi3HUX CHIBBIIHOLIEHHSX IHIPEIIEHTIB.

2. lloka3aHo, 1m0 BUKOpHCTaHHSA KoMmriuiekcHOT no6aBku "TH® + rminepun" mo3Bomsie
PO3IIUPUTH TTOYATOK TYXKABJICHHS JI0 CTAHJApPTHUX 3HAYEHb 1 OTPUMATH LIEMEHT 3 MIIHICTIO Ha
ctuck uepe3 3 romuau 16,7...23,1 Mlla, uepe3 1 nmoby 34,1...38,2 MIla, uepe3 28 nib
86,2...117,1 MIla.

3. BcraHOBIEHO MO3UTUBHUIN CUHEPreTUYHUIN €EeKT BiJi BUKOPUCTAHHS TIIILEPUHY B CKJIAII
KOMILIEKCHOI T00aBKM Ha ()OPMYBaHHS CTPYKTYPH 1 BIACTHBOCTEH IEMEHTHOTO KaMEHIO, SIKHI Mae
mposiB y miacTudikyro yomy edexri aii (3mentnenns P/1 Ha 4...21 %) Ta nigBUIIEHH] MIIIHOCTI Ha
CTHCK ILITYy4yHOTo KameHs 110 24,5 %, 3MeHIleHH1 B 2...2,4 pa3u BIacHUX Aedopmariiii.

4. Tloka3aHo, WO NPUCYTHICTb IJIILEPUHY B CKJaJl KOMIUIEKCHOI J00aBKH CIIpHs€E
MIJBUIIEHHIO 00’€MY CTPYKTYpPOYTBOPIOIOUHX TiIpaTHUX (a3 y BUIIISAAL CyOMIKpOKPHCTAIIYHUX
cnonyk ceponitHOl popmHu, siKi 00’ €THYIOTHCS Y OJIOK-arperaru.

Ioasika. ABTOpHM BHUCIOBIIOIOTH MOASKY MIiHICTEpPCTBY OCBITH 1 Hayku YKpaiHu 3a
¢diHaHCOBY MIATPUMKY MpoekTiB (peectpauiitnuii Ne 0123U101832 ta Ne 0123U101831), ski
BHKOHYIOTBCS 32 paXyHOK OropkeTHOTO (hiHaHncyBaHHsS y 2023...2025 pp.

Modern construction and architecture, 2023, no. 4, page 56-70



BUILDING MATERIALS AND TECHNIQUES

JlitrepaTtypa

1. Wang S.-D., Scrivener K.L. Hydration products of alkali activated slag cement. Cement
and Concrete Research. 1995. 25 (3). P. 561-571. doi: 10.1016/0008-8846(95)00045-E.

2. Krivenko P.V., Petropavlovsky O.N., Gelevera A.G., Vozniuk G.V., Pushkar V.I.
Commercially-produced alkaline cements and their efficiency. Scientific-Technical Collection
"Resource-Saving Materials, Structures, Buildings and Structures”. 2009. 18. P. 64-71.

3. Krivenko P. Alkali-Activated Materials — 55 Years of Experience. Proc. of the
International Conference on Alkali-Activated Cement and Concretes. 2014. P. 1-5.

4. Shi C., Krivenko P. V., Della Roy Alkaline activated cements and concretes (in Chinese,
Authorized translation from English) : Monograph. Taylor & Francis. 2012. 326 p.

5. Fernandez-Jiménez A., Garcia-Lodeiro I., Maltseva O., Palomo A. Hydration mechanisms
of hybrid cements as a function of the way of addition of chemicals. Journal of the American
Ceramic Society. 2019. 102(1). P. 427-436.

6. Krivenko P., Petropavlovsky O., Kovalchuk O., Pasko A., Lapovska S. Design of the
composition of alkali activated Portland cement using mineral additives of technogenic origin.
Eastern-European Journal of Enterprise Technologies. 2018. 4/6 (94). P. 6-15.

7. Kirivenko P. V., Petropavlovsky O. N., Gots V. I., Rostovskaya G. S. Alkali activation of
Composite Cement. Ibausil. Internationale Baustofftagung. 2009. 1. P. 445-456.

8. Aiinep P. Xumus kpemnezema. Yacts 1. M. : Mup, 1982. C. 184-186.

9. Blazhis A.R., Rostovskaya G.S. Super quick hardening high strength alkaline clinker and
clinker-free cements. Alkaline cements and concretes. First Int. Conf. Kiev. 1994. vol.I. P. 193-302.

10. Krivenko P.V., Petropavlovsky O.N., Blazhis A.R. Super quick hardening alkali-activated
cements. First Int. Conf. on Advances of Chemically-activated Materials (CAM' 2010). 2010. Jinan,
Shandong, China. P. 79-86.

11. Shi C., Day R.L. A calorimetric study of early hydration of alkali-slag cements. Cement
and Concrete Research. 1995. 25 (6). P. 1333-1346. doi: 10.1016/0008-8846(95)00126-W.

12. Krivenko P., Petropavlovsky O., Gelevera A., Vozniuk G., Lakusta S. The influence of
organic-mineral modifiers on structure formation and properties of high strength alkali-activated
slag cements with soluble silicates. Building materials and products. 2016. No.4. P. 38-43.

13. Yexor A.Il., Cepree A.M., lu6pos I'.JI. CipaBounuk o 6eToHam u pactBopam. Kues :
byniBenbuuk, 1983. 216 c.

14. Chang J.J. A study on the setting characteristics of sodium silicate-activated slag pastes.
Cement and Concrete Research. 2003. Vol. 33. P. 1005-1011. doi: 10.1016/S0008-8846(02)01096-7.

15. Pacheco-Torgal F., Barroso de Aguirre J., Ding Y., Tahri W., Baklouti S. Performance of
alkali activated mortars for the repair and strengthening of OPC concretes : Handbook of Alkali-
activated Cements, Mortars and Concretes. Edited by Pacheco-Torgal et al, Elsevier. 2015. P. 627-642.

16. Krivenko P., Petropavlovsky O., Petranek V., Pushkar V., Vozniuk G. High strength alkali
activated slag cements with controlled setting times and early strength gain. Advanced Materials
Research. 2015. Vol. 1100, P. 44-49. doi: 10.4028/www.scientific.net/ AMR.1100.44.

17. Krivenko P., Petropavlovskii O., Pushkar V. Methods of regulation of the properties of
alkali slag cements and concretes based on the liquid-glass. Proceedings of 18th Ibausil
Internationale Baustofftagung. Weimar, Tagungsbericht. 2012. Band 2. P. 1-1178-1-1185.

18. Pavel V. Krivenko, Oleh Petropavlovskyi, Igor Rudenko, Sergei Lakusta Control of early
age cracksng in early-strength concrete based on alkali-activated slag cement. Conference: 2nd
International RILEM/COST Conference on Early Age Cracking and Serviceability in Cement-based
Materials and Structures (EAC2). At. Brussels, Belgium. 2017. Volume:2. URL:
https://www.researchgate.net/publication/320306250 .

19. Kudina E.F., Pechersky G.G., Ermolovich O.A. Study on the process of gel formation in
the “water glass-acrylamide” systems. J. Plasticheskie massy (Plastic Masses). 2012. v.1. P. 27-29.

20. Usherov-Marshak A. Calorimetry of cement and concrete. Kharkiv: Fakt, 2002. 183 p.

Modern construction and architecture, 2023, no. 4, page 56-70

67


https://doi.org/10.1016/S0008-8846(02)01096-7
https://doi.org/10.4028/www.scientific.net/AMR.1100.44
https://www.researchgate.net/profile/Pavel-Krivenko?_sg%5B0%5D=dWRQGahs9hTsw9XBXtyrQdMYZLG_Bwt_ZuXLj8Ke6mU8LUN_UeresUJ-AyAyqLMaf21cJGg.P9OHY8lBOAmVtA08igUzkYtC-4JW2gnh38V0AWTzo3FvwWVlD7Qo68poMNBxvAOPCKzCOhp4aEYg8iUtbh3CtA&_sg%5B1%5D=pTpcJ0FEJRzn8EqIy7oTmOJzDryVti0L55-BTyLCuapc7JaiPRmljUxwvJ_6zvIxMPcab2o.r7lnId3qBE78xvdZXU5UV75UzDLCR7x7bMTfFucv3eao3luTq1VvE_zcBuBO5thHQH-0AGdysLDVW16B0He7JQ
https://www.researchgate.net/profile/Oleh-Petropavlovskyi?_sg%5B0%5D=dWRQGahs9hTsw9XBXtyrQdMYZLG_Bwt_ZuXLj8Ke6mU8LUN_UeresUJ-AyAyqLMaf21cJGg.P9OHY8lBOAmVtA08igUzkYtC-4JW2gnh38V0AWTzo3FvwWVlD7Qo68poMNBxvAOPCKzCOhp4aEYg8iUtbh3CtA&_sg%5B1%5D=pTpcJ0FEJRzn8EqIy7oTmOJzDryVti0L55-BTyLCuapc7JaiPRmljUxwvJ_6zvIxMPcab2o.r7lnId3qBE78xvdZXU5UV75UzDLCR7x7bMTfFucv3eao3luTq1VvE_zcBuBO5thHQH-0AGdysLDVW16B0He7JQ
https://www.researchgate.net/profile/Igor-Rudenko-2?_sg%5B0%5D=dWRQGahs9hTsw9XBXtyrQdMYZLG_Bwt_ZuXLj8Ke6mU8LUN_UeresUJ-AyAyqLMaf21cJGg.P9OHY8lBOAmVtA08igUzkYtC-4JW2gnh38V0AWTzo3FvwWVlD7Qo68poMNBxvAOPCKzCOhp4aEYg8iUtbh3CtA&_sg%5B1%5D=pTpcJ0FEJRzn8EqIy7oTmOJzDryVti0L55-BTyLCuapc7JaiPRmljUxwvJ_6zvIxMPcab2o.r7lnId3qBE78xvdZXU5UV75UzDLCR7x7bMTfFucv3eao3luTq1VvE_zcBuBO5thHQH-0AGdysLDVW16B0He7JQ
https://www.researchgate.net/profile/Sergei-Lakusta?_sg%5B0%5D=dWRQGahs9hTsw9XBXtyrQdMYZLG_Bwt_ZuXLj8Ke6mU8LUN_UeresUJ-AyAyqLMaf21cJGg.P9OHY8lBOAmVtA08igUzkYtC-4JW2gnh38V0AWTzo3FvwWVlD7Qo68poMNBxvAOPCKzCOhp4aEYg8iUtbh3CtA&_sg%5B1%5D=pTpcJ0FEJRzn8EqIy7oTmOJzDryVti0L55-BTyLCuapc7JaiPRmljUxwvJ_6zvIxMPcab2o.r7lnId3qBE78xvdZXU5UV75UzDLCR7x7bMTfFucv3eao3luTq1VvE_zcBuBO5thHQH-0AGdysLDVW16B0He7JQ
https://www.researchgate.net/publication/320306250

68

BUILDING MATERIALS AND TECHNIQUES

21. Usherov-Marshak A., Kabus A. Calorimetric monitoring of early hardening of cement in
the presence of admixtures. Inorganic Materials. 2013. Vol. 49 (4), P.449-452. doi:
10.1134/S0020168513040183.

22. Fernandez-Jimenez A., Puertas F. Alkali-activated slag cements: Kinetic studies. Cement
and Concrete Research. 1997. 27 (3), P. 359-368. doi: 10.1016/S0008-8846(97)00040-9.

23. Fernandez-Jimenez A., Puertas F., Arteaga A. Determination of Kinetic equations of
alkaline activation of blast furnace slag by means of calorimetric data. Journal of'Thermal Analysis
and Calorimetry. 1998. 52 (3), P. 945-955. doi: 10.1023/A:1010172204297.

24. Caijun Shi, Robert L. Day Some factors affecting early hydration of alkali-slag cements.
Cement and Concrete Research. 1996. 26 (3), P. 439-447. doi: 10.1016/S0008-8846(96)85031-9.

25. Christophe Eychenne, F.Puertas, Marta Palacios, Pascal Boustingorry, Imad El Khadiri,
Bruno Pellerin, Celia Varga. Alkali-Activation of Slag Cements: Activation Process, Microstructure and
Mechanical Properties. Conference: 13th International Congress on the Chemistry of Cement. 2011.

26. byrr IO.M., Tumamer B.B. IlpakTukyM 1O XHMHYECKON TEXHOJOTHH BSDKYIIHX
matepuanoB. Mocksa : Beicmast mikona, 1973. C. 460-462.

27. Darko Krizan, Branislav Zivanovic Effects of dosage and modulus of water glass on early
hydration of alkali-slag cements. Cement and Concrete Research. 2002. 32 (8), P. 1181-1188. doi:
10.1016/S0008-8846(01)00717-7.

References

[1] S.-D. Wang, and K.L. Scrivener, "Hydration products of alkali activated slag cement",
Cement and Concrete Research, 25 (3), pp. 561-571, 1995. doi: 10.1016/0008-
8846(95)00045-E.

[2] P.V. Krivenko, O.N. Petropavlovsky, A.G. Gelevera, G.V. Vozniuk and V.l. Pushkar
"Commercially-produced alkaline cements and their efficiency”, Scientific-Technical
Collection”, Resource-Saving Materials, Structures, Buildings and Structures, no. 18,
pp. 64-71, 20009.

[3] P. Krivenko, "Alkali-Activated Materials — 55 Years of Experience”, Proc. of the
International Conference on Alkali-Activated Cement and Concretes, pp. 1-5, 2014.

[4] C. Shi, P.V. Krivenko, and Della Roy, Alkaline activated cements and concretes (in
Chinese, Authorized translation from English) : monograph. Taylor & Francis, 2012.

[5] A.Fernandez-Jiménez, 1. Garcia-Lodeiro, O. Maltseva and A. Palomo, "Hydration
mechanisms of hybrid cements as a function of the way of addition of chemicals",
Journal of the American Ceramic Society, 102(1), pp. 427-436, 2019.

[6] P. Krivenko, O. Petropavlovsky, O. Kovalchuk, A. Pasko, and S. Lapovska, "Design of the
composition of alkali activated Portland cement using mineral additives of technogenic
origin”, Eastern-European Journal of Enterprise Technologies, 4/6 (94), pp. 6-15, 2018.

[7] P.V. Krivenko, O.N. Petropavlovsky, V.l. Gots, and G.S. Rostovskaya, "Alkali activation
of Composite Cement", Ibausil. Internationale Baustofftagung, 1, pp. 445-456, 2009.

[8] R. Ajler, Himija kremnezema. Chast' 1. M.: Mir, 1982, pp.184-186.

[9] A.R. Blazhis, and G.S. Rostovskaya, "Super quick hardening high strength alkaline clinker
and clinker-free cements”, Alkaline cements and concretes. First Int. Conf. vol. 1, pp. 193-
302, 1994.

[10] P.V. Krivenko, O.N. Petropavlovsky, and A.R. Blazhis, "Super quick hardening alkali-
activated cements"”, First Int. Conf. on Advances of Chemically-activated Materials
(CAM' 2010 — China), pp.79-86, 2010.

[11] C. Shi, and R.L. Day, "A calorimetric study of early hydration of alkali-slag cements”
Cement and Concrete Research, 25 (6), pp. 1333-1346, 1995. doi: 10.1016/0008-
8846(95)00126-W.

Modern construction and architecture, 2023, no. 4, page 56-70


http://dx.doi.org/10.1134/S0020168513040183
https://doi.org/10.1016/S0008-8846(96)85031-9
https://www.researchgate.net/profile/Christophe-Eychenne?_sg%5B0%5D=q1Y0SGnTMfBtKwB1ccEqRsCicOkYBSPfl5nxAKb1L171Ht9_ZhgKm71GRwc3b8loingMLXM.qZFq-wAjyria1jNeNSBqMJTTt1EFCLNGoMZu2gxT3BLWKSrCHP72nOHAoafHboSyC7M58A_b0jomFfbjHrlM4Q&_sg%5B1%5D=YakV7rZBPbGHW80-bUJkkwVyCvQpotqRTHD--7r2dqFlI_eafh2exrJeq37ZpiIjtA0c44c.OlRmuOUg4sxq-9perwofOE9vx-LNx5O3G7kHYXTIgYCX8b_7dIxHfj8E_c-KbsiKyPrBxD54LZ4arVLguGZVNg
https://www.researchgate.net/profile/F-Puertas-2?_sg%5B0%5D=q1Y0SGnTMfBtKwB1ccEqRsCicOkYBSPfl5nxAKb1L171Ht9_ZhgKm71GRwc3b8loingMLXM.qZFq-wAjyria1jNeNSBqMJTTt1EFCLNGoMZu2gxT3BLWKSrCHP72nOHAoafHboSyC7M58A_b0jomFfbjHrlM4Q&_sg%5B1%5D=YakV7rZBPbGHW80-bUJkkwVyCvQpotqRTHD--7r2dqFlI_eafh2exrJeq37ZpiIjtA0c44c.OlRmuOUg4sxq-9perwofOE9vx-LNx5O3G7kHYXTIgYCX8b_7dIxHfj8E_c-KbsiKyPrBxD54LZ4arVLguGZVNg
https://www.researchgate.net/profile/Marta-Palacios-2?_sg%5B0%5D=q1Y0SGnTMfBtKwB1ccEqRsCicOkYBSPfl5nxAKb1L171Ht9_ZhgKm71GRwc3b8loingMLXM.qZFq-wAjyria1jNeNSBqMJTTt1EFCLNGoMZu2gxT3BLWKSrCHP72nOHAoafHboSyC7M58A_b0jomFfbjHrlM4Q&_sg%5B1%5D=YakV7rZBPbGHW80-bUJkkwVyCvQpotqRTHD--7r2dqFlI_eafh2exrJeq37ZpiIjtA0c44c.OlRmuOUg4sxq-9perwofOE9vx-LNx5O3G7kHYXTIgYCX8b_7dIxHfj8E_c-KbsiKyPrBxD54LZ4arVLguGZVNg
https://www.researchgate.net/profile/Pascal-Boustingorry?_sg%5B0%5D=q1Y0SGnTMfBtKwB1ccEqRsCicOkYBSPfl5nxAKb1L171Ht9_ZhgKm71GRwc3b8loingMLXM.qZFq-wAjyria1jNeNSBqMJTTt1EFCLNGoMZu2gxT3BLWKSrCHP72nOHAoafHboSyC7M58A_b0jomFfbjHrlM4Q&_sg%5B1%5D=YakV7rZBPbGHW80-bUJkkwVyCvQpotqRTHD--7r2dqFlI_eafh2exrJeq37ZpiIjtA0c44c.OlRmuOUg4sxq-9perwofOE9vx-LNx5O3G7kHYXTIgYCX8b_7dIxHfj8E_c-KbsiKyPrBxD54LZ4arVLguGZVNg
https://www.researchgate.net/scientific-contributions/Imad-El-Khadiri-2006665664
https://www.researchgate.net/profile/Bruno-Pellerin
https://www.researchgate.net/profile/Celia-Varga
https://doi.org/10.1016/S0008-8846(01)00717-7
https://doi.org/10.1016/S0008-8846(01)00717-7

BUILDING MATERIALS AND TECHNIQUES

[12] P. Krivenko, O. Petropavlovsky, A. Gelevera, G. Vozniuk, and S. Lakusta, "The
influence of organic-mineral modifiers on structure formation and properties of high
strength alkali-activated slag cements with soluble silicates”, Building materials and
products, no.4, pp. 38-43, 2016.

[13] A.P. Chehov, A.M. Sergeev, G.D. Dibrov, Spravochnik po betonam i rastvoram. Kiev:
Budivel'nik, 1983.

[14] JJ. Chang, "A study on the setting characteristics of sodium silicate-activated slag
pastes”, Cement and Concrete Research, vol. 33, pp.1005-1011, 2003.
https://doi.org/10.1016/S0008-8846(02)01096-7.

[15] F. Pacheco-Torgal, Barroso de Aguirre J., Y.Ding, W. Tahri, and S. Baklouti,
Performance of alkali activated mortars for the repair and strengthening of OPC
concretes : Handbook of Alkali-activated Cements, Mortars and Concretes. Edited by
Pacheco-Torgal et al, Elsevier. 2015.

[16] P. Krivenko, O. Petropavlovsky, V. Petranek, V. Pushkar, and G.Vozniuk, "High
strength alkali activated slag cements with controlled setting times and early strength
gain”, Advanced Materials Research, vol. 1100, pp. 44-49, 2015.
https://doi.org/10.4028/www.scientific.net/AMR.1100.44 .

[17] P. Krivenko, O. Petropavlovskii, and V. Pushkar, "Methods of regulation of the properties
of alkali slag cements and concretes based on the liquid-glass”, Proceedings of 18th Ibausil
Internationale Baustofftagung, Weimar, Tagungsbericht. Band 2, pp. 1-1178-1-1185, 2012.

[18] Pavel Krivenko, Oleh Petropavlovskyi, Igor Rudenko, and Sergei Lakusta, "Control of early
age cracksng in early-strength concrete based on alkali-activated slag cement”, Conference:
2nd International RILEM/COST Conference on Early Age Cracking andServiceability in
Cement-based Materials and Structures - EAC212-14, ULB-VUB, Brussels, Belgium
September, volume: 2, 2017. https://www.researchgate.net/publication/320306250 .

[19] E.F. Kudina, G.G. Pechersky, and O.A. Ermolovich, "Study on the process of gel
formation in the "water glass—acrylamide" systems”, J. Plasticheskie massy (Plastic
Masses), v.1, pp. 27-29, 2012.

[20] A. Usherov-Marshak, Calorimetry of cement and concrete. Kharkiv: Fakt; 2002.

[21] A. Usherov-Marshak, and A. Kabus, "Calorimetric monitoring of early hardening of
cement in the presence of admixtures”, Inorganic Materials, vol. 49 (4), pp. 449-452,
2013. doi: 10.1134/S0020168513040183.

[22] A. Fernandez-Jimenez, and F.Puertas, "Alkali-activated slag cements: Kinetic studies”,
Cement and Concrete Research, 27 (3), pp.359-368, 1997. doi: 10.1016/S0008-
8846(97)00040-9.

[23] A. Fernandez-Jimenez, F. Puertas, and A. Arteaga, "Determination of kinetic equations
of alkaline activation of blast furnace slag by means of calorimetric data”, Journal
of Thermal Analysis and Calorimetry, 52 (3), pp.945-955, 1998. doi:
10.1023/A:1010172204297.

[24] Shi Caijun, and L. Robert, "Day Some factors affecting early hydration of alkali-slag
cements”, Cement and Concrete Research, 26(3), pp.439-447, 1996.
https://doi.org/10.1016/S0008-8846(96)85031-9.

[25] Christophe Eychenne, F. Puertas, Marta Palacios, Pascal Boustingorry, Imad EI Khadiri,
Bruno Pellerin, and Celia Varga, "Alkali-Activation of Slag Cements: Activation Process,
Microstructure and Mechanical Properties”, Conference: 13th International Congress on
the Chemistry of Cement, 2011.

[26] Ju.M. Butt, V.V. Timashev, Praktikum po himicheskoj tehnologii vjazhushhih sistem.
Moskva: Vysshaja shkola, 1973.

[27] Darko Krizan, Branislav Zivanovic, "Effects of dosage and modulus of water glass on
early hydration of alkali-slag cements”, Cement and Concrete Research, 32 (8), pp. 1181-
1188, 2002. https://doi.org/10.1016/S0008-8846(01)00717-7.

Modern construction and architecture, 2023, no. 4, page 56-70

69


https://doi.org/10.1016/S0008-8846(02)01096-7
https://doi.org/10.4028/www.scientific.net/AMR.1100.44
https://www.researchgate.net/profile/Pavel-Krivenko?_sg%5B0%5D=dWRQGahs9hTsw9XBXtyrQdMYZLG_Bwt_ZuXLj8Ke6mU8LUN_UeresUJ-AyAyqLMaf21cJGg.P9OHY8lBOAmVtA08igUzkYtC-4JW2gnh38V0AWTzo3FvwWVlD7Qo68poMNBxvAOPCKzCOhp4aEYg8iUtbh3CtA&_sg%5B1%5D=pTpcJ0FEJRzn8EqIy7oTmOJzDryVti0L55-BTyLCuapc7JaiPRmljUxwvJ_6zvIxMPcab2o.r7lnId3qBE78xvdZXU5UV75UzDLCR7x7bMTfFucv3eao3luTq1VvE_zcBuBO5thHQH-0AGdysLDVW16B0He7JQ
https://www.researchgate.net/profile/Oleh-Petropavlovskyi?_sg%5B0%5D=dWRQGahs9hTsw9XBXtyrQdMYZLG_Bwt_ZuXLj8Ke6mU8LUN_UeresUJ-AyAyqLMaf21cJGg.P9OHY8lBOAmVtA08igUzkYtC-4JW2gnh38V0AWTzo3FvwWVlD7Qo68poMNBxvAOPCKzCOhp4aEYg8iUtbh3CtA&_sg%5B1%5D=pTpcJ0FEJRzn8EqIy7oTmOJzDryVti0L55-BTyLCuapc7JaiPRmljUxwvJ_6zvIxMPcab2o.r7lnId3qBE78xvdZXU5UV75UzDLCR7x7bMTfFucv3eao3luTq1VvE_zcBuBO5thHQH-0AGdysLDVW16B0He7JQ
https://www.researchgate.net/profile/Igor-Rudenko-2?_sg%5B0%5D=dWRQGahs9hTsw9XBXtyrQdMYZLG_Bwt_ZuXLj8Ke6mU8LUN_UeresUJ-AyAyqLMaf21cJGg.P9OHY8lBOAmVtA08igUzkYtC-4JW2gnh38V0AWTzo3FvwWVlD7Qo68poMNBxvAOPCKzCOhp4aEYg8iUtbh3CtA&_sg%5B1%5D=pTpcJ0FEJRzn8EqIy7oTmOJzDryVti0L55-BTyLCuapc7JaiPRmljUxwvJ_6zvIxMPcab2o.r7lnId3qBE78xvdZXU5UV75UzDLCR7x7bMTfFucv3eao3luTq1VvE_zcBuBO5thHQH-0AGdysLDVW16B0He7JQ
https://www.researchgate.net/profile/Sergei-Lakusta?_sg%5B0%5D=dWRQGahs9hTsw9XBXtyrQdMYZLG_Bwt_ZuXLj8Ke6mU8LUN_UeresUJ-AyAyqLMaf21cJGg.P9OHY8lBOAmVtA08igUzkYtC-4JW2gnh38V0AWTzo3FvwWVlD7Qo68poMNBxvAOPCKzCOhp4aEYg8iUtbh3CtA&_sg%5B1%5D=pTpcJ0FEJRzn8EqIy7oTmOJzDryVti0L55-BTyLCuapc7JaiPRmljUxwvJ_6zvIxMPcab2o.r7lnId3qBE78xvdZXU5UV75UzDLCR7x7bMTfFucv3eao3luTq1VvE_zcBuBO5thHQH-0AGdysLDVW16B0He7JQ
https://www.researchgate.net/publication/320306250
http://dx.doi.org/10.1134/S0020168513040183
https://doi.org/10.1016/S0008-8846(96)85031-9
https://www.researchgate.net/profile/Christophe-Eychenne?_sg%5B0%5D=q1Y0SGnTMfBtKwB1ccEqRsCicOkYBSPfl5nxAKb1L171Ht9_ZhgKm71GRwc3b8loingMLXM.qZFq-wAjyria1jNeNSBqMJTTt1EFCLNGoMZu2gxT3BLWKSrCHP72nOHAoafHboSyC7M58A_b0jomFfbjHrlM4Q&_sg%5B1%5D=YakV7rZBPbGHW80-bUJkkwVyCvQpotqRTHD--7r2dqFlI_eafh2exrJeq37ZpiIjtA0c44c.OlRmuOUg4sxq-9perwofOE9vx-LNx5O3G7kHYXTIgYCX8b_7dIxHfj8E_c-KbsiKyPrBxD54LZ4arVLguGZVNg
https://www.researchgate.net/profile/F-Puertas-2?_sg%5B0%5D=q1Y0SGnTMfBtKwB1ccEqRsCicOkYBSPfl5nxAKb1L171Ht9_ZhgKm71GRwc3b8loingMLXM.qZFq-wAjyria1jNeNSBqMJTTt1EFCLNGoMZu2gxT3BLWKSrCHP72nOHAoafHboSyC7M58A_b0jomFfbjHrlM4Q&_sg%5B1%5D=YakV7rZBPbGHW80-bUJkkwVyCvQpotqRTHD--7r2dqFlI_eafh2exrJeq37ZpiIjtA0c44c.OlRmuOUg4sxq-9perwofOE9vx-LNx5O3G7kHYXTIgYCX8b_7dIxHfj8E_c-KbsiKyPrBxD54LZ4arVLguGZVNg
https://www.researchgate.net/profile/Marta-Palacios-2?_sg%5B0%5D=q1Y0SGnTMfBtKwB1ccEqRsCicOkYBSPfl5nxAKb1L171Ht9_ZhgKm71GRwc3b8loingMLXM.qZFq-wAjyria1jNeNSBqMJTTt1EFCLNGoMZu2gxT3BLWKSrCHP72nOHAoafHboSyC7M58A_b0jomFfbjHrlM4Q&_sg%5B1%5D=YakV7rZBPbGHW80-bUJkkwVyCvQpotqRTHD--7r2dqFlI_eafh2exrJeq37ZpiIjtA0c44c.OlRmuOUg4sxq-9perwofOE9vx-LNx5O3G7kHYXTIgYCX8b_7dIxHfj8E_c-KbsiKyPrBxD54LZ4arVLguGZVNg
https://www.researchgate.net/profile/Pascal-Boustingorry?_sg%5B0%5D=q1Y0SGnTMfBtKwB1ccEqRsCicOkYBSPfl5nxAKb1L171Ht9_ZhgKm71GRwc3b8loingMLXM.qZFq-wAjyria1jNeNSBqMJTTt1EFCLNGoMZu2gxT3BLWKSrCHP72nOHAoafHboSyC7M58A_b0jomFfbjHrlM4Q&_sg%5B1%5D=YakV7rZBPbGHW80-bUJkkwVyCvQpotqRTHD--7r2dqFlI_eafh2exrJeq37ZpiIjtA0c44c.OlRmuOUg4sxq-9perwofOE9vx-LNx5O3G7kHYXTIgYCX8b_7dIxHfj8E_c-KbsiKyPrBxD54LZ4arVLguGZVNg
https://www.researchgate.net/scientific-contributions/Imad-El-Khadiri-2006665664
https://www.researchgate.net/profile/Bruno-Pellerin
https://www.researchgate.net/profile/Celia-Varga
https://doi.org/10.1016/S0008-8846(01)00717-7

70

BUILDING MATERIALS AND TECHNIQUES

CONTROL OF STRUCTURE FORMATION PROCESSES OF SLAG-ALKALI CEMENTS
ACTIVATED WITH SODIUM SILICATES

'Kryvenko P.V., Doctor of Technical Sciences, Professor,
pavlo.kryvenko@gmail.com, ORCID: 0000-0001-7697-2437
'Gelevera O.G., Ph.D., Associate Professor,
a-gelevera@ukr.net, ORCID: 0000-0002-6285-9780
'Rudenko 1.1., Doctor of Technical Sciences, Professor,
igor.i.rudenko@gmail.com, ORCID: 0000-0001-5716-8259
'Konstantinovsky O.P., Ph.D., Associate Professor,
alexandrkp@gmail.com, ORCID: 0000-0002-7936-5699
Kyiv National University of Construction and Architecture
31 Povitroflotsky Ave., Kiev, 03037, Ukraine

Abstract. The article discusses approaches to the formation of the composition of slag-alkali
cements when using high-modulus solution glass as an alkaline component, represented by a
commercial product in the form of a liquid. The aim of this work was to study the effect of
modifying additives, the silicate module of sodium hydrosilicates and technology modes on the
processes of structure formation of artificial cement stone for effective control of setting time,
intrinsic shrinkage deformations and achievement of high compressive strength (>80 MPa at a
standard age of 28 days and > 20 MPa after 3 hours curing under normal conditions). As a result of
the studies performed, a positive effect on the use of glycerin additives as part of a complex additive
on the formation of the structure and properties of artificial stone was established. It is noted that
the use of the studied modifying additives contributes to an increase in the degree of slag hydration,
the formation, along with hydrosilicate compounds, of xerogel structures and -celite-like
compounds, which are deposited on the hydrosilicate-based matrix in the form of blocks-aggregates
and increase the total volume of structure-forming compounds. A positive synergistic effect of
using glycerin as an additional modifying component of the "trisodium phosphate + glycerin”
complex additive for controlling the setting time in slag-alkali cements based on high-modulus
solution glasses has been established. This made it possible to extend the time for the start of setting
of slag-alkali cements when using solution high-modulus glasses from 3...5 min. up to values
26...83 min. Received cements with compressive strength after 3 hours 16.7...23.1 MPa, after 1 day
34.1...38.2 MPa, after 28 days 86.2...117.1 MPa with acceptable terms start of grasping. The heat
release of such cements after 72 hours, despite their high activity, is only 150...180 J/h, which is
1.7...2 times less than that of fast-hardening Portland cement grade 600 and 2...2.4 alumina cement.
Intrinsic shrinkage strains of compositions with modifying additives at the moment of stabilization
were equal to 0.5...0.6 mm/m.

Key words: Structure formation, setting time, alkaline activation, water-soluble high-
modulus glass, intrinsic shrinkage deformations.
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Abstract. Global climate changes lead to an increase in the number and intensity of extreme
events in the seas and oceans (tsunamis, floods, storm surges, etc.). This can have catastrophic
consequences involving the destruction of civil infrastructure, the flooding of large areas of
recreational land, the loss of life, and can also adversely affect water quality, sediment transport,
and habitats for living organisms.

The creation of artificial berms on the seabed and breakwater piers changes significantly the
parameters of wave processes, reducing destructive effect of waves in the coastal zone. But the use
of traditional coastal protection structures (dams, piers, breakwaters) is not always efficient and
economically reasonable. Thin permeable barriers are increasingly being considered as an
alternative option in providing economic and ecological protection of coastal areas. The purpose of
this research is to substantiate the effectiveness of vertical semi-submerged walls for protection the
shores of natural reservoirs from the destructive energy of surface waves. Such a structure is non-
permeable near the free surfacer, and is supported by piles at some distance from the bottom, which
allows the flow of water and sediments. The physical simulation of the interaction of a nonlinear
solitary wave, which is considered as a tsunami model, with a semi-submerged thin vertical barrier
is performed in the experimental channel to evaluate the effectiveness of vertical wave barriers
against the destructive energy of long waves. It was found that interaction of a solitary wave with an
overhanging vertical wall leads to generation both of the reflected wave, due to roll of the incident
wave on the structure, and the transmitted wave, which is formed after the liquid mass passes
through the gap between the bottom and the wall.

Quantitative characteristics of the interaction of the wave with the obstacle were obtained
with the help of capacitive sensors, which were installed along the main axis of the laboratory
channel to record the free surface disturbances caused by the propagation of the wave in the
channel, its reflection from the wave screen and its transmission downstream. The processing of the
received data made it possible to estimate the parameters of a solitary wave, which was formed in
the channel by the impact of a heavy body on the water surface, those are the amplitude, length, and
velocity of wave propagation. The energy attenuation of a solitary wave is estimated, which is an
important characteristic of the channel and makes it possible to obtain more accurate values of
reflection and transmission coefficients.

Evaluations of wave reflection and transmission coefficients show that thin partially
submerged vertical barriers are sufficiently effective in reducing the energy of nonlinear solitary
waves although they do not suppress the waves completely. The depth of the screen-type permeable
obstacle immersion relative to the free surface has a significant influence on the
reflection/transmission coefficients and its effectiveness, accordingly. It has been established that
semi-submerged obstacles can dissipate up to 60% of the incident wave energy.

Keywords: solitary wave, wave screen barrier, submersion, reflection and transmission
coefficients.

Modern construction and architecture, 2023, no. 4, page 71-80

71



72

HYDROTECHNICAL AND TRANSPORT CONSTRUCTION

Introduction. Breakwaters are widely used to provide economical protection of harbors and
beaches from surface waves. The study of the interaction of waves with protective structures, as
well as the expediency and effectiveness of the means applied to reduce the impact of waves on the
shores of natural reservoirs are important aspects of coastal and marine engineering [1].

Recently, breakwaters in the form of thin, rigid vertical barriers, also called a wave screen,
have been used or considered. These structures are installed at the entrance to small sea or river
harbors to dissipate wave energy and control shoreline erosion. The wave screen consists on cast
walls that are connected with the supporting piles at the sides [2]. The upper part of the wall is
impermeable and extends above the water level and other part is permeable and consists of closely
spaced horizontal slots. This breakwater not only dissipates energy of incident waves but also
improves water circulation, facilitates fish passage and minimizes the pollution near shore because
it permits the flow exchange between the partially enclosed water body and the open sea. The study
of wave interaction with a semi-submerged wave screen is needed to obtain the key information for
understanding the hydraulic performance of this structure as a special breakwater. Note, to develop
a modern protective structure, coastal engineers have to consider not only its effectiveness against
waves, but also care for the environment.

Analysis of recent research and publications. Due to the importance of the problem under
consideration, many theoretical and experimental researches have been performed to evaluate the
efficiency of vertical barriers against waves. In most of them, only periodic waves were considered,
and much less attention was paid to long solitary waves (solitons), although they are very dangerous
for coastal areas. The results of the most comprehensive study of the interaction between a solitary
wave and a partially submerged vertical barrier are presented in [3]. Transmitted and reflected wave
characteristics, as well as velocity fields and wave-induced loads to the structure were obtained
experimentally and numerically over a wide range of problem parameters such as water depth,
incident wave amplitude and draught of the barrier. Experimental data were used to check a
numerical model, based on the Reynolds-averaged Navier-Stokes (RANS) equations and the
(k —¢) turbulence closure model. Calculations were then carried out to obtain additional results,

which allowed derive generalized formulae for the maximum run-up height and the maximum wave
force. In [4], non-linear and dispersive solitary wave reflection and transmission characteristics after
interacting with a partially immersed screen were calculated using the Smoothed Particle
Hydrodynamics (SPH) method. Nonlinear waves of different heights when changing the draught of
the curtain wall were considered. It was shown that the partially immersed curtain breakwater is
effective in dissipating incoming wave energy if its immersion depth is over half of the water depth.
In [5], the wave-curtain screen interaction was investigated by the weakly compressible smoothed
particle hydrodynamics (WCSPH). It is noted that the submergence depth of wall plays a crucial
role on its performance as a breakwater. The conclusion of the study [4] that the relative
submergence of the wall by 50% is the most effective for damping wave energy was also
confirmed. It was obtained that about 50% of the incident wave can pass the breakwater in this case.

An analytical theory for calculating the hydrodynamic characteristics of a partially submerged
porous barrier attacked by a solitary wave is presented in [1]. It is based on the Fourier integral and
the procedure of superposition of solutions, which are used to obtain the velocity potentials in the
reflection and transmission regions. To evaluate the performance of a partially submerged thin
porous wall as a breakwater, the wave run-up, transmission coefficient, and maximum horizontal
force under various conditions are presented and discussed. The verification of the analytical
solutions was based on a series of experimental measurements where the wave profiles in front of
and behind the porous wall were determined.

The purpose of the work. In this paper, we study the prospects for reducing the energy of
waves that attack the shores of natural reservoirs with the help of a curtain permeable screen. For
this purpose, the laboratory experiments were conducted in which the characteristics of the
interaction between a solitary wave and a semi-submerged screen were meagered. The reflection
and transmission coefficients are obtained in a wide range of wave amplitudes and draught of the
screen. These results make it possible to evaluate the efficiency of the considered device as a
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breakwater.

Experimental setup. Experiments were conducted in a glass-walled wave tank located at
Institute of Hydromechanics of NAS of Ukraine. The wave tank is 16 m long, 0.30 m wide, and
0.70 m deep. In order to generate solitary waves, a heavy body was installed at one end of the
channel. The fall of the body to the bottom created a local rise in the water level, which later
transformed into a solitary wave. Note that this method of wave generation was first used by
Russell (1834) [6]. In the experiments, it was modified by using a special arrangement to cut off the
"dispersive train" that develops during the formation of a solitary wave. A model of a protective
structure in the form of a semi-submerged curtain screen was mounted in the middle of the wave
tank. Logging free surface deformations during the passage of a solitary wave over the screen was
made by capacitive gauges, which were posed along the central line of channel. Four sensors,
marked as DO...D3, were mounted in front of the curtain screen for recording the parameters of the
incident and reflected waves. Sensors D4, D5 were located behind the screen to register the
transmitted wave. The system for collection and processing of experimental data made it possible to
poll the sensors, convert the received signal into a numerical form with the help of the analog-to-
digital converter and quickly analyze the process using a PC. The sensors were calibrated prior to
the experiments to obtain a regression relationship between the signals from the sensors and their
depth. The average velocity of wave propagation as well as the amplitude, energy and profile of the
wave were determined from these data. The picture of the interaction of the wave with the
submerged screen was supplemented using a digital video camera. One can find a detailed
description of the wave tank and experimental methodology in [7].

Validation of solitary wave generation. Since the generation of solitary waves in the present
study followed the "old" method, their profiles were verified by comparing the free surface
displacements to be obtained to the theoretical shallow water waveform. Fig. 1 demonstrates the
profile of the solitary wave generated during the experiments (markers) and the Korteweg-de Vries
wave solution (solid line) [8]:

y2
n=a-sec h{(%) (x — ct)} ,

where n is the free surface elevation; x and t are stream wise direction and time; a is the wave
amplitude; H is the water depth and ¢ is the wave celerity that can be calculated as ¢ = /g(H +a) :

1.0
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Fig. 1. Relative profiles n(x)/a of a solitary wave against x/A s , where A5 is the distance from
the wave crest to the point corresponding to half the amplitude of the wave [9]
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From this comparison, it follows that the waves formed in the experiment are close to typical
long waves, which are identified as solitons. A series of tests on the generation of a soliton in the
experimental channel showed that the resulting waves are highly repeatable.

The length of such a wave is theoretically infinite; for practical use it can be estimated as the
distance containing 95% of the total mass [10], namely:

A=2.12H/Ja/H .

The waves travel over long distances without spending much energy. In a channel of constant
depth, their motion is accompanied by only a slight decrease in amplitude, which is a consequence
of the dissipation of wave energy due to shear stresses caused by friction of liquid against the walls
and bottom of the channel. Fig. 2 depicts the relative profiles of the solitary wave of amplitude
a/H =0.32 obtained when travelling the wave in the tank without the curtain screen. An analysis
of these data revealed that obtained wave attenuation is close to theoretical estimates from [11].

DO D1 D2 D3 D4 D5
- - - = - -
1.2
10 _____1:__0_-_9753 =1.695s =2 52¢
08
= 0.6
oy
= 04
02
0.0
-0.2 r r r r r r
0 10 20 30 40 50 60
x/H

Fig. 2. Evolution of the solitary wave in the laboratory tank with a horizontal bottom

Results and discussion. If the channel is blocked by an obstacle, the solitary wave will undergo
significant deformations, the determination of which is the goal of this study. The scheme of the
experiment and the coordinate system Oxz are presented in Fig. 3, b. Note that the vertical axis z=0
coincides with the obstacle, which is located between sensors D3 and D4 at distances ~7H and ~5H
from those, respectively. The obstacle has the form of a thin curtain wall (screen) whose upper part
rises above the free surface and the lower part does not reach the bottom. So, a slot is present in the
channel section through which water can flow. The main geometrical parameter of this structure is the
draught z, defined as the distance between the undisturbed free surface and the lower edge of the

curtain wall (Fig. 3, b). Thus, the parameter z, regulates the width of the gap between the channel

bottom and the curtain screen. In all the experiments, the protruding section of the screen exceeded the
incident wave amplitude to prevent water flow there. The series of the experiments was carried out, in
which the heights of transmitted and reflected waves were measured at different values of both the

incident wave amplitude and the draught z,. Technically, the position of the curtain walls relative to

the free surface adjusted with the help of a tripod (Fig. 3, a). The water depth in the experimental tank
was H=13 cm throughout the experiments. Further, when interpreting the obtained data, all
parameters will be referred to the depth H.

The evolution of a solitary wave interacting with a semi-submerged curtain screen is captured
on the snapshots presented in Fig. 4. At the top, the initial half of the process is shown, when the
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wave generated close to the left end of the channel travels to the obstacle. It can be seen that the
wave grows as it approaches the screen.

b)
24
Incident wave ! )
—_— Reflected wave Transmitted wave
oA —
DO0..D3 D4.D5 H

i -
LSS S S S S X

Fig. 3. Scheme of the research:
a — snapshot of the experimental channel with the semi-submerged curtain screen; b — sketch of the
interaction between the solitary wave and the semi-submerged screen; the dotted line indicates the
level of the free surface at rest; DO-D5 are the capacitive gauges

At the same time as the wave runs the screen, part of the water passes through the gap
between the curtain wall and the bottom that causes an increase in the level of the free surface
behind the obstacle too. After the runup of the wave reaches its maximum, it rolls down; as a result,
a reflected wave is formed that propagates in the opposite direction (to the left end of the channel).
The lower part of Fig. 4 demonstrates the final stage of the wave evolution, when the water that has
passed between the obstacle and the bottom forms a transmitted soliton, which continues to move
forward. It is obvious that the amplitude of the transmitted wave decreases compared to the incident
wave owing to energy losses on the reflected wave and turbulent processes initiated by the wave
near the obstacle. A series of experiments with different parameters of the problem made it possible
to identify the configuration of the protective structure when the incident wave will spend maximal
energy to overcome the obstacle.

2 Solitary wave runup
04
0.0
04
08
2 -1 0 1 2 2 -1 0 1 2 2 -1 0 1 2
xH xH xH

Solitary wave rundown

2 -1 0 1 2 2 -1 0 1 2 2 -1 0 1 2
xH xH xH
Fig. 4. Snapshots of the longitudinal section of experimental channel demonstrating interaction
of a solitary wave with a semi-submerged curtain wall at z; =5cm, H =13cm
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In Figs. 5, 6 the records of the free surface level obtained by sensors DO-D5 are presented for
two configurations of the curtain wall. In the first case, the bottom edge of the wall coincides with

the free surface, i.e., zy =0, and zy =5cm in the second case. The number 1 denotes there the

incident wave; 2 — the reflected wave; 3 — the transmitted wave and 4 — the wave reflected from
right end of the experimental tank. The free surface disturbances n in these figures are referred to

the incident wave amplitude ay, which is recorded by DO sensor at the beginning of the

experimental tank. The non-dimensional time is introduced as t = t,/gH /H =t,/g/H . Note that the

given data were obtained at H=13cm, aj =0.32H .

It is obvious that when interacting a solitary wave with the cross wall lying at the free surface,
the bulk of water passes below the obstacle. As a result, the wave is restored almost completely
after the obstacle. It is seen in Fig. 5, that the transmitted wave is about 85% of the incident wave.
The reflected wave is insignificant; it is recorded by D3 sensor only.

As the draught of the curtain wall increases (Fig. 6), the interaction between the solitary wave
and the obstacle intensifies, which is manifested in the rising the energy of the reflected wave. It is
now registered by all the sensors located in front of the wall. Data recorded by sensors D4, D5
indicate that the height of the transmitted wave drops significantly compared to the previous case. It
is equal here ~75% of the initial value a,. These results confirm that the depth of wall immersion is

a factor that specifies the effectiveness of the curtain wall as a protective structure.
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Fig. 5. Free surface disturbances recorded by sensors DO-D5 during the propagation
of the solitary wave in the channel with the curtain wall at draught z; =0
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Fig. 6. Free surface disturbances recorded by sensors DO-D5 during the propagation
of the solitary wave in the channel with the curtain wall at draught z; =5cm

A quantitative criterion used to estimate the effectiveness of a breakwater against surface
waves is defined as the ratio of the amplitude of the wave passed through structure to that of the
incident wave [12]. It is called the transmission coefficient and is denoted as K, :

Ky = atr/ai J
where a;, is the amplitude of the transmitted wave, a; is the amplitude of the incident wave.
Similarly, the reflection coefficient K, is introduced:
K, =2a,/a;j,
where a, is the amplitude of the reflected wave.

If a cross wall is installed on the bottom of tank and protrudes above the free surface, the incident
wave will be almost completely reflected from this obstacle [12]. In this case, the free surface profiles
formed when a solitary wave rolls off the wall are similar to runup of the wave to the obstacle. The
decrease in the amplitude of the reflected wave compared to the amplitude of the incident wave
recorded in the experiments does not exceed 5%. In this limiting configuration of the breakwater, the
transmission coefficient K, is about zero and the reflection coefficient K, goes to 1. From the point

of view of protection of water areas from waves, such a construction is the most effective, but it
does not meet ecological requirements, as it does not allow water exchange and free migration of
fishes and other representatives of marine fauna. When the width of gap between the seabed and the
lower edge of the curtain wall increases, the effectiveness of the structure against waves will
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deteriorate, since the transmission coefficient rises and the reflection coefficient, on the contrary,
drops. Thus, when using the curtain wall as a breakwater, it is necessary to establish a balance
between protective characteristics and environmental requirements.

Fig. 7 illustrates the dependences of the transmission K, and reflection K, coefficients on

the relative draught of the curtain screen zy/H calculated based on the data of this investigation.

The picture also contains a comparison of the available results with the corresponding data known
from [5].

Fig. 7. Transmission K, and reflection K, coefficients against the draught to depth ratio zq/H:

curves with markers -m- , -0- correspond to the present investigation, solid thick and dashed lines
reflect the results of numerical simulations by SPH and WCSPH methods, respectively [5]

The curves represented in Fig. 7 indicate the good correlation between the transmission and
reflection coefficients when a solitary wave propagates in the channel with a cross curtain screen.
When the draught of the screen increases, its influence on the process grows which leads to the
intensification of the interaction between the wave and the obstacle. The narrower the gap between
the bottom and the screen the less water it passes, as a results, the energy of the transmitted wave
drops. On the contrary, the energy of the reflected wave increases. It is obtained in the experiments,
that the draught to depth ratio z,/H is decisive in this configuration, at the same time, the water

depth in the channel does not a significant effect to the transmission and reflection coefficients. It
follows from Fig. 7, that augmentation of the relative draught z,/H leads to a decrease in the

transmission coefficient and an increase in the reflection coefficient. The value of zy/H at which

the coefficients are equal is about 0.7. It is also seen that attenuation of a solitary wave can reach
60-70% when it passes through a semi-submerged curtain screen. This fact points out the high
efficiency of such a structure in dissipating the energy of the waves attacking sea shores. It must
also be emphasized that a semi-submerged curtain screen will be effective in dissipating the energy
of incident waves when its draught exceeds half the water depth.

A comparison of the transmitted coefficient (shaded squares) with the corresponding results
of paper [5], which have been numerically calculated with applying the smoothed particle
hydrodynamic method (SPH) — solid line in Fig. 7, and the weakly compressible smoothed particle
hydrodynamics (WCSPH) — dashed line, demonstrates that the experimental data are slightly
overestimated the numerical results. Although the general trend for the dependence of the
coefficient K, on the ratio z,/H remains. The maximum error was observed at small draughts

and it ranges from 15% to 30%. When the draught is large, the error drops to 5-7%.
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Conclusions. The results of the experimental research of the interaction between a solitary
wave and a semi-submerged curtain screen are presented. It is shown that such a structure can be
effective in reducing the energy of waves attacking seashores, although it does not suppress the
waves completely. The efficiency of the semi-submerged screen as a breakwater is measured by the
transmission coefficient, which is calculated as the ratio of the amplitude of the incident wave to the
amplitude of the transmitted wave. The experimental data obtained indicate that the coefficient
depends on the ratio of the screen draught to the water depth. If the ratio is less than 0.5, then more
than 50% of the energy of the incident wave is carried downstream by the transmitted wave.
However, when the draught to depth ratio exceeds 0.5, the semi-submerged screen will be effective
in restraining a solitary wave, since the transmission coefficient in this case can drop to 35%. Thus,
the target protection when using such structures can be achieved by choosing the draught of the
impermeable section of the breakwater.
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1IHcmumym eiopomexanixu HAH Ykpainu

Bys1. Mapii Kannicr 8/4, m. Kuis, 03057, Ykpaina

Anoranisi. [7100a7pH1 3MIHM KJTIMATy TPU3BOJATE JO 30UTBIICHHS KiTBKOCTI W 1HTEHCUBHOCTI
eKCTPEMAIIbHUX SIBHII B MOPSX 1 OKeaHax (I[yHami, OBEHi, IITOPMOBI HaroHu BoaM Ta iH.). Lle Moxe
MaTH KatacTpodivyHi HACIIIKH, ITOB’sI3aH1 3 pyHHYBaHHIMH IIUBUIBHOT 1H(PACTPYKTYPH, 3aTOTUICHHSIM
BEJIMKUX TEPHUTOPIH, BiBEACHHUX /IS peKpealiifHuX Liiei, BTPaTO0 JKUTTIB, a TAKOX MOXe 3ryOHO
BIUIMHYTH Ha SIKICTh BOJM, TPAHCIIOPTYBAHHSI 0CA/1y Ta CEPEIOBUIIE ICHYBaHHS )KUBUX OPraHi3MiB.

CTBOpeHHS ITyYHUX OEpM Ha MOPCHKOMY JHI Ta XBWJIEPYHHIBHHX MOJIIB CyTTE€BO BIUIMBAIOTH
Ha TapaMeTpy XBWJIbOBUX IIPOIIECIB, 3MEHIIYIOUM iX PYHHIBHY Iif0 B NpUOEpekHiH 30HI. AJe
BUKOPHCTAHHS TPaJULIAHUX Oepero3axucHux cropyxa (rpedenb, MOJiB, XBUJIEIOMIB) HE 3aBXKIU €
JOLUIBHAM Ta €KOHOMIYHO OOIpyHTOBaHUM. [IpOHMKHI NEpemKoay Bce YacTille po3MIAaloThCs K
abTEPHATHBHUIA BapiaHT B 3a0€3ME€YeHHI €KOHOMIYHOIO I EKOJIOTIYHOTrO 3aXHCTy HpHOEpeKHUX
Teputopiif. Metoro 11i€i poOOTH € OOrpyHTYyBaHHS €(EKTHBHOCTI BEPTUKAJIbHUX HAIliB3aHYPEHUX
CTIHOK U1 3aXUCTy OeperiB MpHPOAHMX BOAOWM BiJl PYHHIBHOI €HEprii MOBepXHEBHX XBWIb. Taka
CropyZa € CyLUIbHOK MOOIN3Y MOBEPXHI BOMH, a 3HU3Y MIATPUMYETHCS MaIsIMU Ha JIESKIN BiiCTaHi
Bil NMHA, IO JIOMYCKAaE€ TEpeTiKaHHS BOJW Ta HAHOCIB. BukoHaHe (i3WdHE MOJCIIOBAaHHS B
eKCIIEPUMEHTAIbHOMY KaHaJl B3a€MOJIl MOBEPXHEBOI IMOOJMHOKOI XBHJI, sIKa PO3IVIANAETHCA SIK
MOJIeTIb IlyHami, 3 HAIiB3aTOIUICHOID TOHKOK) BEPTUKAIBHOI TEPEIIKOAOK 33Ul OLIHKH
e(EeKTUBHOCTI BEPTHKAILHUX XBUJIBOBUX Oap'epiB B 3MEHIIICHH] €HEPTii CHIIBHUX HEJHIMHUX XBWIb. B
eKCIEepUMEHTaX OTPUMAHO, 1110 NMPH HAOIraHHI COJITOHHOI XBWJII Ha HABICHY BEPTUKAIbHY CTIHKY,
BiZIOMTa XBWJISL YTBOPIOETHCS 3 HAKaTy Majar0yoi XBUII Ha CIIOpPYAY, a MPOXiJHa XBUIA (HOPMYEThCS
ITICJIsl MPOXO/KEHHS MacH P1IMHU Yepe3 3a30p MIXK THOM 1 HHDKHBOIO YaCTUHOIO CTIHKH.

KinbkicHI XapaKkTepUCTHKH B3a€MOJIIT XBHJI 3 MEPEIIKOI0K0 OyiIM OTpUMAaHi 3a JI0OMOMOIO0
€MHICHMX JIaTUYMKIB, Kl OyJIM BCTAaHOBJIEHI B3JIOBX TOJIOBHOI OCi J1a0OpaTOpHOro KaHaly 1
peectpyBasii 30ypeHHs BUIbHOI MOBEPXHI, BUKJIMKAHI MOMIUPEHHSAM XBMJI B KaHal, ii BIAOUTTAM
B1Jl XBWJILOBOT'O €KpaHy Ta MPOXO/KEHHSAM BHU3 10 Teuii. OOpoOka OTpUMaHuX JaHUX J03BOJIMIIA
OLIHUTH MapaMeTpu MOOJUMHOKOI XBWII, 11O (popMyBajacsi B KaHali yJapoM Ba)KKOro Tina 00
MOBEPXHIO BOJU — aMIUIITYJU, JOBXKHUHHU, HIBUAKOCTI MOUIMPEHHS. 3poO0JI€HO OLIHKY 3aTyXaHHS
eHeprii MOOJUHOKOT XBHJI, II0 € BaXJIMBOK XapaKTEPUCTUKOI KaHalIy 1 Ja€ 3MOTy OTpUMAaTH
OUIPII TOYHI 3HAYEHHS MO KoepilieHTaM BIAOUTTA Ta MpoxokeHHs. OTpuMaHl OLIHKU
KOC(IIiEHTIB BIIOUTTS Ta MNPOXO/PKEHHS XBUJl TOKa3ylTh, IO TOHKI YacTKOBO 3aHYpeHi
BEpPTUKaAIbHI Oap’epy Xoya ¥ HE NPUTHIYYIOTh HENIHIMHI COMITOHHI XBWJI TOBHICTIO, ajle €
JOCTaTHRO €(EeKTUBHUMH B 3MEHIICHHI IX IHTEHCHBHOCTI. 3HAaYHWA BIUIMB Ha KOE(IIiEHTH
MPOXOKEHHSI/BIAOUTTS 1, BIANOBIIHO, €(EKTUBHICTh MPOHUKHOI MEPEIIKOIU €KPAaHHOTO TUITY Ma€
rnubuHa ii 3aHYpeHHS BITHOCHO MOBEpXHI BOAM. BcTaHOBIEHO, 110 HamiB3aHYPEHI MEPelIKkoan
MOKYTh po3citoBatu 10 60% eHeprii nagaro4oi XBHJIL.

KirouoBi cjoBa: mnooanHOKa XBWIIS, XBHUJIBOBUH Oap’ep €KpaHHOro THIIY, OCaJKa,
Koe(IIieHTH BITOUTTS Ta MPOXOHKEHHSI.

Cratta Haaidinuia 1o penakuii 15.05.2023
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Abstract. The behavior of the piles in the engineering and geological conditions of the
construction water area of a new two-way pier of the berth on the territory of the sea trade port of
Chornomorsk as a part of the expansion of production capacities for transshipment of grain, food
products, processing of oil and grain crops was studied. During the construction, it is envisaged to use
shell piles made of metal pipes 35.0...42.7 m long with the outer diameters 1020, 1220 and 1440 mm.

The layers include Neogene sediments of the upper Miocene subdivision of the Sarmatian and
Meotic horizons, which are represented by clayey soils from plastic to hard consistency with the
lenses of silty sands saturated with the water and the interlayers of limestone. The piles cut through
the sporadic layering of loams and clays, and their bottom ends are stopped in clay and dusty sands.

A comprehensive approach to conducting the control tests of the piles was developed, which
included conducting the tests in two stages. At the first stage, a group of four piles with the diameters
1020 and 1220 mm were tested under both static and dynamic loads at the construction site on the first
supporting structures. The values of # and M coefficients, which are used to determine the bearing
capacity of metal pile-shells during the dynamic tests under special geological conditions, were
adjusted. At the second stage, only dynamic loads were tested on the rest of supporting structures.

The inventory metal beam was as a jack pad when testing the piles with static loads, which was
fixed to the anchoring piles with the welded terminations, and the movement of the head was recorded
by deflection gauges. Pile driving during the dynamic load test was performed with a hydraulic
hammer, which was used for their driving.

According to the received data analysis of the pile test results with static and dynamic loads, it
was determined that in order to obtain the values of allowable pile design loads, close to those ones
determined by the static test results, it is necessary to adjust the values of # and M coefficients. It
was established that for metal pile shells, which driven in the marine environment, when their
bearing capacity is determined based on the results of test comparisons with static and dynamic
loads, the coefficient 5 should be taken as 2500kN/m?, and M=1.0 — when the bottom end of the pile
stopped in clay soils and M=1.6 — when in the sand.

Key words: port, pier, hydraulic structure, basin deposits, silt, pile shells, static tests,
dynamic tests, bearing capacity.

Introduction. The research object is the engineering and geological conditions of the site of
the two-way pier of berth Ne 10a/11a on the sea trade port territory of Chornomorsk. According to
the project, during the construction, the use of shell piles made of metal pipes with the length
35.0...42.7 m with the external diameters 1020, 1220 and 1440 mm is provided. The construction
was carried out from the sea area using the barges as the technological platforms, which were
maneuvered with the help of tugboats.
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Driving of each pile was carried out in two stages. At the first stage it was with a "Dieseko
PVE 40VM" vibrating pile hammer until the moment when the speed began to decrease
significantly, further driving was performed with a "PE 14/16 NL" hydraulic hammer with the
weight of the striking part 16 tons.

The engineering and geological surveys have established significant variability of the sediment
bedding, both in depth and in plan, and the site in general can be classified as “unsuitable™ for the
construction. In such conditions, the project provides for testing the piles with static loads on each
supporting structure, there are more than 20 piles. The adopted current construction method, which was
supposed to provide the facility commissioning on time, did not allow, taking into account the time for
pile resting, the availability of the equipment and its sufficient quantity for simultaneous using
(strength beams, jacks, measuring devices), to carry out the tests of all the planned piles with static
loads. Therefore, it was urgent and generally important for this type of construction to develop the
method of control tests of piles that would provide reliable quality control of their installation and
would not negatively affect the critical technological processes of the pier construction.

Analysis of the last research. The shell piles made of metal pipes with an open end have
found their application in hydraulic construction [1-3]. Both static and dynamic tests can be
performed to confirm their bearing capacity. The priority is given to static tests, as the most reliable,
but dynamic tests can also be performed, which are easier to carry out. The optimal variant is when
both static and dynamic tests are performed on the same object [4-7, 8], which allows to reduce the
number of time-consuming static tests, to cover a larger number of tested piles due to less expensive
dynamic tests, to reduce the time for conducting the tests, which allows to apply the construction
current method on linear objects.

The bearing capacity of the piles during dynamic tests is determined by the formula,
according to the recommendations of State Standard [9], based on the work balance spent on pile
driving and soil resistance. In particular, the formula includes the coefficients 1 and M, which
consider the elastic properties of the pile material and the soil conditions of its bottom end location,
respectively. These coefficients are established for prismatic reinforced concrete piles based on the
experience of joint tests by dynamic and static methods. The peculiarity of the tested piles is that
they are partially filled with the soil — from the bottom level of the water area, and the formation of
the soil plug in the internal cavity of the piles and its adding in the work depends both on their
diameter and the type and characteristics of the soil they cut through [10, 11].

The goal of the research is providing the quality control of pile installation based on the
results of their tests with static and, subsequently, dynamic loads, taking into account the current
method of pier construction; the correction of the coefficients 1 and M, which characterize the
operation of the piles when their bearing capacity is determined by dynamic loads according to the
recommendations of State Standard. The basis for determining the coefficients was a comparison of
pile test results under the action of vertical compressive static and dynamic loads.

Research methodology. A comprehensive approach to conducting the control pile tests was
developed, which included conducting the tests in two stages. At the first stage, at the construction
site, on the supporting structures located at the beginning of the pier, a group of four piles with the
diameters 1020 and 1220 mm from the pile field were tested under both static and dynamic loads to
compare the obtained results. The correct comparison of pile bearing capacity was provided by the
same test conditions for the piles of the same type. In particular, the loading of each pile was
completed when close settlement values were obtained, which approached the value 0,2S,, at which
the bearing capacity of the pile is determined according to the standards.

On the first supporting structures of the pier, the pile tests with static loads were carried out.
Later, after resting, they were re-tested with dynamic loads. The obtained results and their analysis
made it possible to justify the possibility of replacing the test piles with static loads on dynamic
loads on the rest of supporting structures and at the same time not impairing the reliability of quality
control of their installation.

At the second stage, the piles with the diameter 1220mm were tested under dynamic loads on
the rest of the supporting structures, and three piles with the diameter 1420mm were tested under
static loads on the most responsible supporting structures.
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The loading method of the piles during testing with static and dynamic loads is adopted in
accordance with the requirements of the State Standard of Ukraine [12].

The axial compressive static load on each of the experimental piles was transmitted by the
hydraulic jack named DV-400-200, it is capable to transmit the forces up to 4000kN (400ts). The
demountable metal beam, which was attached to the anchor piles with the help of welded
terminations from the rolled channels, was the jack pad when testing the piles with static loads (Fig.
1). The crown movements of the tested piles were recorded by measuring the movements fixed on
the piles terminations relative to the fixed reference system, with PAO-6 protractors.

The piles were driven after resting during the dynamic load test with the hydraulic hammer "PVE
14/16 NL", which was used for their sinking. Pile driving was done sequentially, first with 3, then with
5 strokes. The drop height of the hammer striking part was the same for all the strokes and was 1.1 m.

Research results. According to the geomorphology the site is located within the western (right)
underwater coastal slope of Suhiy Liman, the bottom surface of the water area is characterized by the
absolute marks -11.8...-13.8m, the adjacent area has the absolute marks +1.7...+1.9m.

Neogene deposits of the Upper Cretaceous subtype of the Sarmatian and Meotic horizons are
involved in the geological structure of the planned construction area, which are represented by loam
soils from mildly plastic to hard consistency with the silty sand lenses saturated with the water,
which lay sporadically, and the layers of limestone. Glacial alluvial-estuarine deposits are located
on the eroded surface of the native soils, which are represented by large-clastic and shelly soils,
sands, loam soils from solid to very soft consistency, and silt.

The experimental piles from the bottom surface of the water area (-11.8...-13.8m) cut through
the following engineering and geological elements (EGE), the thickness passed by the piles is:

EGE2, — Heavy loam, very soft — 1.65...3.25 m;

EGE2s®> — Heavy loam, plastic — 1.0...4.8m;

EGE2s° — Light plastic clay — 1.1...4.2m;

EGE2¢® — Heavy, stiff clay — 0.2...0.5 m;

EGE2;® — Light semi-hard clay — 0.8...2.83m;

EGE2¢” — Light stiff loam — 2.5...4.5m;

EGE3c* — Medium coarse sand — 0.1...0.4m;

EGE3® — Wood gravel ground, heterogeneous — 0.3...1.2m;

EGE5;*— Sandy clay, semi-hard — 0.2...0.3m;

EGES5e” — Sandy clay, hard — 0.5...1.4m;

EGE5; - Light semi-hard clay — 1.0m.

The bottom ends of the tested piles TP-1, TP-2, TP-4 are driven in EGE 5;° — light, hard clay
to the depth: TP-1 — 3.8m, TP-2 — 8.6m, TP-4 — 2.5m. The tested pile TP-3 is driven in EGE-5n" —
silty sand, tight at 2.8 m. The vertical positioning of the tested piles, combined with the engineering
and geological cross-section, is shown in Fig. 2.
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The main results of soil tests with the piles under static loads and the tests data with dynamic
loads are given in Table. 1. According to the dependence graphs of pile settlement under the load
S=f(P), Fig. 3, the bearing capacity was determined for each of the tested piles at the settlement
equal to 15 mm, which provided a correct comparison of the obtained results.

Based on the obtained test results, the permissible vertical load on the pile, N, was determined
according to State Standard [13] by formula (1):

N:Fd/yk, (1)
where: Fq is the bearing capacity of the pile;
vk 1s the reliability coefficient 1.2 was taken when the bearing capacity of the pile
was determined based on the results of the field tests with static loads and 1.4 when
tested with dynamic loads.

An individual value of the ultimate resistance F, based on the data of pile driving with actual
residual failures S,>0.002m (0.2 cm), obtained when they were tested with dynamic loads, was
determined by formula (2):

_n-A-M

u

4-E; my +&2-(my+my)
! r;-A-SaI my +my +mg -1
, )
where: 7 is the coefficient, the value of which is recommended to be taken according to Table 1
[5] depending on the pile material, kN/m?;
A — the cross-sectional area of the pile shaft, m%;
M — the coefficient, the value depends on the soil type in which the pile end is stopped;
Eq— the calculated hammer stroke energy, Eq=G(H-h);
G — the weight of the hammer striking part, G=160kN;
H — the hammer drop, H=1.1 m;
h — for a tubular hammer, h=0.3 m;
Eq = 160-(1.1-0.3) = 128 kJ;
¢? — the coefficient, ¢ =0.2;
s, — the actual final set from one stroke, m;
m; — the hammer mass, m1=24.0m;
m, — the mass of pile and crown, t;
m3 = 0 — the mass of the tailstock;
m, — the mass of the hammer striking part, m, =16 tons.

Table 1 — Characteristics of the piles and the results of their tests at the first stage

Mark and _ _ Total Static load tests Dynamic load tests
outer Duration of | Pile | number of Bearing | Stabilized Blow
. ilerest | lengt | hammer i
diameter of| P g mr capacity pile count Actual final set
) stat./day | h, m | strikings from one
the pile, . of the | settlement, | (number
test, days with pile - stroke, S., mm
mm driving pile, kN mm of strokes) e
TP-1 3 6.0
1220 18/36 35.0 540 3452 15.00 5 6.6
TP-2 3 3.0
1020 27/32 37.1 740 3150 15.00 5 3.
TP-3 3 6.7
1020 25/30 42.7 808 3321 15.00 G 120
TP-4 3 55
1220 28/33 37.0 385 3550 15.00 5 6.6
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According to the received data results of the pile test results with static and dynamic loads, it
was determined that in order to obtain the values of allowable calculated pile loads, close to those
determined according to the static test results, it is necessary to adjust the coefficient values of the
formula (2). In particular, the use of the values of coefficients # and M given in State Standard [9]
did not allow to obtain the allowable calculated pile load close to the values, obtained when the pile
was tested with static loads. Thus, in the State Standard recommendations, the value of the
coefficient  for metal pile shells is completely absent, for metal piles this value is recommended to
be 5000 kN/m?,

On the basis of the conducted tests, the dependence graphs Fugyn = f(7), Fig. 4, which made it
possible to determine the value of the coefficient # for each pile, under the condition that
Fuayn=1,4Nsw, When the accepted pile load was the same when determined both by the results of
static and dynamic pile tests. To construct the graphs, the value of the vertical ultimate resistance
when testing the piles with dynamic loads, Fugy,, was determined with a step change of the
coefficient » from 1500 to 4000. At the same time, the value of the coefficient M was taken to be
1.0 — for clay soils and 1.6 — for sandy soils. The results of Fugy, are shown in Table 2.

Table 2 — Calculated results of the pile ultimate resistance at the first test stage

) Limit values of the vertical The value 7,
Convention | Allowable calculated | oo hoe \when testing piles with | kN at the
al symbol | Diamete| pile load, when tested : :
of the tested | r, mm | with static loads, kN dynamic loads, ratio
|Ie ! ’ Fud nWith ;7! kN 14Nstat/Fudyn
P Nstat 14N | 1500 | 2000 | 2500 | 3000 | 4000 =1
TP-1 1220 2877 4028 3193 | 3559 | 4116 | 4136 | 4570 2420
TP-2 1020 2625 3675 4210 | 4929 | 5418 | 5849 | 6569 1240
TP-3 1020 2767 3874 3111 | 3534 | 3825 | 4121 | 4470 2580
TP-4 1220 2858 4001 3150 | 3515 | 4054 | 4080 | 4481 2450
; PAN e e B e et
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| \\ 3000 [T AEEA
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Fig. 3. Dependence graphs of pile settlement Fig. 4. Dependence graphs Fugay, = f{(17)

under the load
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The necessity for adjusting the coefficients  and M is due to the peculiarities of both the
engineering and geological conditions of the bottom soils and the construction of the piles. The
bottom soils are characterized by significant stratum irregularity, each of the piles cuts through
selected EGE, which have different thickness and density. In the process of pile driving, their inner
cavity is filled with the soil, which is compacted, in particular, under the action of friction against
the inner wall. In addition, for shell piles, the behavior of the bottom end largely depends on the
degree of soil compaction, which fills the cavity in the final part of the pile, where the formation of
a soil plug with a self-closing effect is possible. And this process is difficult in heterogeneous soils,
and the density is significantly affected by the size of the pile absolute diameter.

The results of pile dynamic load tests with the diameter 1220 mm at the second stage are
shown in Table 3. The bearing capacity of the piles was determined by the formula (2), using the
coefficients determined at the first stage of testing, which were taken as #=2500 kN/m?, M=1.0 —
when the bottom end of the pile stopped in clay soils and A/=1.6 — when in sand. The obtained data
for all the test piles confirmed the calculated pile load accepted in the project.

Table 3 — Results of pile tests at the second stage

The total Overatin
Conventional weight | . P g :
time of the . Actual . [Design
symbol . . of the ; Soil ; Permis )
. |Duration| Pile | .-~ . vibro- - failure . | pile
of tested pile pile with . conditions Fu, |sible pile
: of rest, |length, .| driver+the of the calculat
(axis of the the soil under the . kKN | load,
days m number of . pile 2d load,
clump and the pile toe N, kN
. hammer S, mm kKN
location) head,
blows
mo, t
1 2 3 4 5 6 7 8 9 10
TP-6 (13) 41.0 74.3 537bl sand 10 |4240| 3029 | 2640
TP-7 (19) 41.0 74.3 68min sand 7 |5372| 3837 | 2640
TP-8 (21) 41.0 74.3 66min clay 6 [3710] 2650 | 2640
TP-11 (25) 22 39.6 71.0 20.8min clay 6 [3752| 2680 | 2640
TP-13 (28) 8 41.0 74.3 |15min+390bl| sand 9.5 [3970| 2835 | 2640
TP-14 (30) 9 41.5 75.5 [12min+740bl| sand 10 |4224| 3017 | 2640
TP-15 (33) 9 41.5 75.5 [45min+199bl| sand 9 4536| 3240 | 2640
TP-16 (33) 9 41.5 75.5 [51min+162bl sand 9.5 4445 3175 | 2640
TP-17 (36) 5 39.6 71.0 [45min+350bl| sand 8.5 4784 | 3417 | 2376
5

TP-18 (36) 39.6 71.0 |48min+340bl| sand 8.0 |4981| 3559 | 2376
TP-19 (39) 12 37.0 65.2 |{39min+196bl clay 6.5 [3637| 2598 | 2376
TP-20 (39) 12 37.0 65.2 |36min+227bl clay 5 |4297| 3069 | 2376
TP-21 (42) 5 35.0 60.5 [30min+296bl clay 8.5 [3113| 2223 | 2376

Conclusions:

1. The results of pile testing with static loads, which are determined by the regulatory
requirements, are a convincing and reliable experimental evidence that confirms the validity of the
adopted design considerations when driving pile foundations of the buildings.

2. It was established that the conditions under which the results of pile tests with dynamic
loads are correlated with the test results with static loads, which made it possible to conduct the
tests with dynamic loads for piles with the diameter 1220 mm in the next sections of the pier
construction.

3. It has been established that for metal pile shells, which are driven in the sea water area,
when their bearing capacity is determined based on the comparison of test results with static and
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dynamic loads, the coefficient  should be taken as 2500kN/m>.

4. The database seeding with the pile test results with static and dynamic loads in similar
complex engineering and geological conditions can be the basis for adjusting the adopted normative
calculation coefficients, as well as for effective optimization of foundation design decisions.
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Anotauis. [lochimxyBanace poboTa majgb B 1HKEHEPHO-TEOJOTIYHMX YMOBAX akBaTOpii
Oy/IBHULITBA HOBOT'O IBOCTOPOHHBOTO MIpCy NMpUYaTy Ha TEPUTOPIl MOPCHKOI'O TOPTrOBOI'O MOPTY M.
YopHOMOpPCHKA y CKJIAJi PO3MIMPEHHS BUPOOHMYMX MOTY)KHOCTEH 3 MEPEeBaJKU 3€pHa, XapuOBHX
MPOJYKTIB, TeEepepoOKH OMMHUX Ta 3epHOBUX KynbTyp. llpu OyniBHMLTBI mependayeHo
3aCTOCYBaHHS TMalb OOOJIOHOK 13 MeTaneBux TpyO momxkuHOIO 35,0...42,7M 3 30BHINIHIMHU
niamerpamu 1020, 1220 1 1440 mMm.

HamapyBaHHs BKJIIOYAIOTh HEOTCHOBI BIAKJIQJCHHS BEPXHEMIOIIEHOBOTO  ITiBIIILTY
CapMaTChbKOro Ta MEOTUYHOI'O TOPHU3OHTIB, SKI NPEACTaBJICHI IIIMHUCTUMU IPYHTaMM BiJ M'SIKO
IUTACTUYHOI IO TBEPJOi KOHCHUCTEHIIi 3 JIH3aMHM MWIyBaTUX IMICKIB HAaCHYEHHX BOJOKIO Ta
npoimapkaMu BamHsAKiB. [lami mepepi3aloTh CropaJuvHe HallapyBaHHS CYTJIMHKIB 1 TJIMH, a iX
HWDKHI KiHIII 3yITWHEH] B TJIMHI 1 B MMIYBaTHX ITiCKaX.

Po3po6rieHo KOMIUIEKCHUH MiJXiA JO HPOBEAECHHS KOHTPOJIBHUX BHUIIPOOYBaHb Majlb, KUl
BKJIFOUAB IPOBE/ICHHS BUMPOOYBaHb B J1Ba eTany. Ha mepmomy erami Ha MaiinaHunky Oy/iBHUIITBA HAa
MEPUINX ONOpax MPOBOJMINCH BUIIPOOYBAHHS TPYIHU 13 YOTUPHOX majib aiamerpamu 1020 1 1220 mm
SK CTaTUYHUMH, TaK 1 JMHAMIYHUMH HABaHTKEHHSMH. Byllo MpOBENEHHS KOpEeTyBaHHS 3HAYCHb
KoeilieHTiB 7 1 M, sIKi BUKOPUCTOBYIOTHCSI NPH BH3HAU€HI HECY4YOi 3/IaTHOCTI METaJeBUX Mallb-
00OJIOHOK MPH JUHAMIYHUX BUIIPOOYBaHHSX B OCOOJIMBUX IeosIoriyHuX ymMoBax. Ha npyromy erani Ha
NOJAJBIINX OMOpaX BUKOHYBAJIMCh BUIIPOOYBAaHHS TUIBKU JUHAMIYHUMH HaBaHTaKEHHSIMH.

YnopoMm aist JOMKpaTa TpH BUIPOOYBaHHI TMaib CTaTHYHUMH HABAHTKCHHSIMH CITyryBajia
IHBeHTapHa MeTajleBa Oajka, sfiKa 3aKpiluisulach J0 AaHKEPHUX Malb NPUBAPEHUMM BHUITyCKaMu, a
MepeMillleHHs] TOoJMIOBH (iKCyBainMcs MporuHomipamu. JloOuMBaHHA mMaidb NpU  BUIIPOOYBaHHI
JVHAMIYHUMH HaBaHTAKEHHSMM BHKOHYBAJIM TiJPOMOJIOTOM, SKiii BHUKOPHCTOBYBaBCS IS iX
3aHypEHHS.

ITo pe3ynbraTaM aHaiily OTPUMaHHUX JAQHUX pe3yJbTaTiB BUMPOOYBaHb Majb CTATUYHHUMHU 1
IMHAMIYHAMH HABaHTAKEHHSAMH BHU3HAYEHO, IO JUIA OTPUMaHHS BEJIMYUH JOMyCTUMHX
PO3paxXyHKOBHUX HAaBAHTA)XEHb Ha MaJo, OJM3bKUX 10 BU3HAYEHMX 3a PE3ylbTaTaMU CTAaTUYHUX
BUNIPOOYBaHb, MOTPIOHE KOpEryBaHHS 3HaueHb KoediuieHTiB # 1 M. BcraHoBieHo, mo s
METaJIeBUX MaJib-000JIOHOK, SIK1 3aHYpEH1 B aKBaTOpii MOpsi, IPU BU3HAYEHI iX HECYy4oi 3/1aTHOCTI 3a
pe3yibpTaTaMu MOPIBHSIHb BUMPOOYBaHb CTATUYHUMHU 1 TUHAMIYHUMH HaBaHTAXKCHHSIMHU KOC(IIIEHT
n cmig npuiimatu 2500kH/m°, a M=1,0 — KOIW HWXKHIN KiHENb Maji 3yNUHSABCA B TIMHHCTUX
rpyHTax i M=1,6 — KON B mMicKax.

KurouoBi cioBa: nopt, mipe, TipoTexHiYHA CHOpYZAa, JMMaHHI BIAKIaJEHHS, MyJ, Haii
000JIOHKH, CTaTUYH1 BUIPOOYBaHHS, IMHAMIYH1 BUIPOOYBaHHS, HECYYa 3/1aTHICTb.

Crarts Hagidnuia qo penakimii 12.05.2023
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AHoTaniss. OCTaHHIM YacoM CIOCTEpIraeTbCcs aKTUBHE Oy/iBElIbHE OCBOEHHS TEPUTOPIN 13
CKJIQJIHUMU 1HXKEHEPHO-TEOJIOTIYHUMHM YMOBaMM. ByAiBHUIITBO Ha 3CYBHUX 1 3CYBOHEOE3MEUHUX
CXWJIaX TPU3BOIUTH 1O 30UTbIICHHS HABaHTAKCHb HA OKPEMi IUISTHKH, II0 MOXXE BUKIMKATH
aKTHBI3AII0 cTapux ab0 PO3BUTOK HOBUX 3CYyBiB. B pe3ynbraTi BUHHUKHEHHS 1 aKTHBi3alii 3CyBIiB
YTBOPIOIOTHCS HEMPUITyCTUMI Aedopmarliii, 10 BEeAyTh OO MOPYILEHHS CTIMKOCTI CXWIY, a TaKOX
pyiiHyBaHHS OyaiBenb Ta cnopyxa. Tomy NpHu BHKOHAaHHI OyaiBeNbHHX POOIT Ha CXMJIAX HEOOXIIHO
nepenoavyBaTi 3axOAH 1HXKEHEPHOTO 3aXUCTy TEPHUTOpI, OyIaiBenb i CIOpyZd, PO3TAlIOBaHUX Ha
cxuinax abo oI HUX.

Ha Oarathox MaiilaHuMKax YIOJOXKEHHS CXWJIIB 1 3BECHHS YIMOPHHUX MPHU3M, KOHTPGOPCIB 1
KOHTpOAHKETIB HeMOKJmBe. L{e moB’s3aH0 3 HEOOXIHICTIO JOTPUMAHHS MEX BiUyKECHHS, HAsIBHICTIO
KHUTJIOBUX Ta TPOMUCIOBUX OyliBenb. B 1boMy BHIaAKy HaWOUIbII palliOHAILHUM 3aCO00M €
BJIALITYBaHHs NMaJbOBUX YTPUMYIOUMX CIOpYyA. BOHM € onTMMaJbHMMHU HpPU MOTYXKHOCTI 3CYBHOI
toBIi 10 15-20 M. [Tpu HEOOXigHOCTI yTpUMaHHS TIIMOOKHUX 3CYBiB, OypOHAOMBHI Maji MiJAIOTHCS
BIUIMBY BEJTUKHUX 32 3HAYCHHSIM 3THHAIBHUX MOMEHTIB, 1110 IPUBOAMTH 10 30UTBIIEHHS KUIBKOCTI IMab
a0o ix niametpiB. B pe3ynbraTi 11b0ro 3Ha4HO 3pocTae 00’eM OypOBHX POOIT Ta BUTpaTa MaTepiaiB.
ToMy ocoOIMBUI NpPakTUYHUI I1HTEpPEC MPEACTABISIIOTh IMUTAHHS palloHai3alii KOHCTPYKIIIH
YTPUMYIOUHX MPOTU3CYBHUX CIIOPY/I.

B po6oTi po3pobiieHi po3paxyHKOBI MOJETI Ta BUKOHAHE YMCENbHE MOJICIIOBAHHS B3a€MOIIi
€JIEMEHTIB JIBOX KOHCTPYKILII yTPUMYIOUUX MPOTU3CYBHUX CHOPY 3 IPYHTOBUM MacuBOM. UncenbHe
MOJICJIIOBAHHSI BUKOHYBAJOCh B JIIEH3IHHOMY TI€OTEXHIYHOMY IPOTPaMHOMY  KOMILJIEKCI
Midas GTS NX, B sikomy peanizoBanuii Metos ckiHueHux enemeHtiB (MCE). TloBeninka rpyHTy B
PO3paxyHKOBHX CX€Max OMHCYyBallach MPY>KHO-IUIACTUYHOIO Mojeuto Mopa-Kynona. B pesynbrari
po3paxyHKiB HarpyxeHo-gegopmoBaHoro crany (HJC) enemeHTIB yTpUMyIOUUX KOHCTPYKIIIH
CYMICHO 3 TPYHTOM, OyJM BH3HA4YeH1 KOe(DIIIEHTH 3aracy CTIHKOCTI METOJIOM PEIYKIIii Ta 3HaYEHHS
BHYTPIIIHIX 3YCHJIb (3TMHAJIBHUX MOMEHTIB 1 MOMEPEYHUX CHII), L0 BUHHUKAIOTh B €JIEMEHTax
KoHCTpyKuUid. Ilig oTpumani BHyTpimiHI 3ycuiuid Oyno migiOpaHe apMyBaHHS YTPUMYHOUHMX
€JIEMEHTIB 3a JI0NOMOrolo mnporpamHoro komiuiekcy «SCAD». Ha ocHOBI NOpIBHSHHS BHUTpaT
OCHOBHMX MartepiajiiB HeOOXiTHHUX JJIS BJIAIITYBAaHHS CIOpYI, AOBEJE€HA €KOHOMIYHA JOIIbHICTD
3aCTOCYBaHHS YTPUMYIOUOI CIIOPYAU Y BUTIISAAI KOHTP(OPCIB 3 OYpOCIUHUX Malb.

KuarouoBi ciaoBa: cxui, MOBepXHs KOB3aHHS, MPOTU3CYBHA cHOpyJa, OypociuHi maii,
KOHTP(OpC, pO3paxyHKOBA MOJIeNb, YUCETbHE MOJICTIOBAaHHS, HECYYa 3/JaTHICTb.

Beryn. Ilpu BukonaHHi OyniBelbHHUX poOIT Ha 3CYBHUX JAUISIHKax CXHWJIIB HEOOXiTHO
nepeadadyBaT 3aXOAW 1HXXEHEPHOTO 3aXWUCTy TEpUTOpid, OyIiBeNb 1 CIOpY[, pO3TAalIOBaHUX Ha
cxmiax abo Ourd HuX. CHopyau Ta 3aX0Au 1H)KEHEPHOTO 3aXMUCTy 00’€KTIB MOBHHHI 3a0e3mevuyBaTu
JIOBTOTPUBATY CTaOUTI3aIlI0 3CYBHOTO Ta 3CYBOHEOE3IEUHOTrO CXWIY, 3armo0iraTd YTBOPEHHIO
HEMPUITYCTUMHUX JedopMariiil Ta pyiiHYBaHHIO OYIiBENIb Ta CIIOPY/I, @ TAKOX ITiIBUIYBATH CTIHKICTh
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CXWJIYy 10 HOPMAaTHUBHOTO KoedillieHTa 3amacy CTIHKOCTI B 3aJie)KHOCTI BiJI Kjacy HAaCHiJKIB
(BIAMOBITATBHOCT1) 00'EKTIB IH)KEHEPHOTO 3aXHUCTY.

B imkeHepHil MpakTHIll 3aCTOCOBYIOTHCSI HACTYITHI 3aXOJM IIOJI0 3al00IraHHs 3CYBHUX SIBHILL:
TUIAaHYBAaHHS TIOBEPXHI CXMJIY 1 MPHJIETIION 0 HBOTO TEPHUTOPIi, BIAIITYBAaHHS CHCTEM ITOBEPXHEBOTO
BOJIOBIZIBEJICHHS, 3HIKCHHS PIBHA IPYHTOBHX BOJ, arpoJliCOMENopallis, BJIAIUTYBaHHSA CIOPYA
IH)KEHEPHOT'O 3aXUCTy. 3aCTOCYBAHHS KOXHOIO 3 LIUX 3aXOJlIB OKPEMO HE JIa€ MOXJIUBOCTI YCYHYTH
BCIX MPUYMH, 10 BUKJIMKAIOTH 3CYBHI SBHIA, TOMY iX HEOOXiJHO BUKOHYBaTH y KoMruiekci. Lle He
3aBXKIM MOXKIIMBO 4epe3 MIUIbHY 3a0ya0BY TepuTopii. KpiMm 1150r0, Maiike BCl CIIOpyIH 1HKEHEPHOTO
3aXUCTy MNOTPeOYIOTh 3HAYHMX EKCIUTyaTallifHUX BUTpar. 3 LUX I[PUYMH, HAMOUIBII IIUpPOKE
3aCTOCYBAaHHSI OTPUMAJM NajbOBI MPOTU3CYBHI CHOPYAM TIMOOKOTO 3akiajieHHs. Taki cropyau €
OJTHUMH 3 HAWOLIBII ONTHMAIbHUX, TEXHOJIOTTYHUX 1 EKOHOMIYHO €(DEeKTHBHUX METOAIB cTalimizarii
3CYBHUX 3MilleHb. [[0 HEAOMIKIB TaKUX KOHCTPYKIII MOXHa BiTHECTH HEOOXIIHICTh BJIAINTYBAaHHS
BEJIMKOI KUIBKOCTI Majib Ta HEMOXJIMBICTD X BUKOPUCTAHHS Uil YTPHUMAHHS BEJIMKUX 32 3HAYCHHSIM
TOPU30HTAJIBHUX HABAHTAXKEHb. 31 30UIBIIEHHSIM 3CYBHOTO THUCKY OypOHAOWBHI maii MiJUIal0ThCs
BIUIMBY BEJIMKHUX 3@ 3HAYEHHSIM 3rMHAIBHUX MOMEHTIB, 1110 IPUBOAUTH /10 30UIbIIEHHS KUIBKOCTI Majlb
abo 1x giameTpiB. B pe3ynbTaTi bOTro 3HA4HO 3pocTae 00’ eM OYpOBUX pOOIT Ta BUTpaTa MaTepialiB.

B nanuii vac MOXXIMBOCTI OypOBOi TEXHIKH TO3BOJISIOTH BIAIITOBYBAaTH OypOBi Maji 3HAYHOI
JOBXMHM 1 BeIMKOro jiamerpa. Lle mgae MOXIMBICTD BUEHHMM Ta IMPOEKTYBaJbHUKAM
parfioHamizyBaTH ICHYIOY1 KOHCTPYKLIi TPOTU3CYBHUX CIOPY/ MajJbOBOIO THIY Ta pO3POOUTH HOBI
CHOPY/IY TABUIIEHOT HECYYOi 3JaTHOCTI Ta 3HMKEHOT MaTepiaioMiCTKOCTI.

AHaJi3 OCTaHHIX AoCTiKeHb Ta myoJikaniii. B imkeHepHiil mpakTHii HAROUTBII TIMPOKE
3aCTOCYBAaHHS OTPUMAaJH MajlbOBl MPOTU3CYBHI CHOPYIU 3aKJIAJeH] B CTIMKI IPYHTH, SIK HAHOLIbII
e(eKTHBHI, TEXHOJIOTIYHI Ta EKOHOMI4YHi. BUKOpUCTaHHS NAIbOBUX CIIOPY]l 1H)KEHEPHOTO 3aXUCTY
JI03BOJIIE YCYHYTH OINBIIICTh NPHWYWH, 110 BHUKIMKAIOTH 3CYBHI nedopmarii (3CyBHI CKIIaIOBi
rpaBiTalliiHUX CWJI, TIAPOAMHAMIUYHUN TUCK IPYHTOBUX BOJ, €po3it0, abpa3iio), a TaKOXK 3aXUCTUTHU
CXWJIM Ta YKOCH BiJl BIUTUBY CEMCMIYHMX Ta aHTPOIIOT€HHUX HABAHTA)KEHb.

OCHOBHI BUMOTH II0JI0 BUOOPY 3aXO0/IB IHKEHEPHOTO 3aXHCTY TEPUTOPIii, OyIIBEIH 1 CIIOPY/
Bl 3CYBHMX Ta OOB&IbHUX IPOLECIB, a TAaKOX IIOJOXEHHS PpO3PAaXyHKY IPOTU3CYBHUX 1
MPOTHOOBANFHUX CHOpPYA HaBeleHi y HopMmaTuBHUX HokymeHTtax JICTY-H B.1.1-37:2016 [1] ta
JIBH B.1.1-46:2017 [2].

YTpumyrodi NpOTU3CYBHI KOHCTPYKUIi (MajoBl crnopyau TIMOOKOTo 3akiajlaHHs), ¥y
HOPIBHSHHI 13 CIIOPYAaMy Ha MPUPOIHIN OCHOBI, MAOTh HACTYITHI niepeBaru [3]:

— CIPUAIOTH CTAaOUTI3ALIl CXHUITY JIMIIE MEXaHIYHUM yTPUMaHHSAM CXMIY, HaBiTh 32 HasBHOCTI
KOMILIEKCY TPUYHH, IO CIIPHYUHSIOTH 3CYB;

— JI03BOJIAIOTH YHUKHYTH BJIAIUTYBAaHHS CKJIQJHOI JIPEHAXHOI CHCTEMH, OCKUIBKM OKpeMi
MATBOBI €JIEMEHTH HE MEPEIIKOKAIOTh IIPUPOJTHOMY PYXY IPYHTOBUX BOJI;

— JIal0Th MOYJIMBICTb JIOKAJIBHOTO 3MILIHEHHS 3CYyBY Ha SIKIMCh YaCTHHI CXUIIY;

— JI03BOJISIFOTH BUKOHATH 3ariHOJICHHS ajlb Y TIOPOH, 1110 HE 3MIITYIOThCS;

— BUKJIIOYAIOTh MIAPI3aHHS CXWIIIB, OCKIJIbKH BUTOTOBIISIOTHCS 3 TIOBEPXHI IPYHTY;

— He MOTpeOyIOTh eKCIUTyaTalliiHIX BUTPAT;

— MOXYTb OyTH TaK0X BUKOPUCTaH1 y IKOCT1 yHIaMEHTIB Oy/AiBEJIb 1 CHOPYI.

[TuTaHHAM JOCHIIKEHHS CTIMKOCTI CXUJIIB Ta YKOCIB, @ TAKOX B3a€EMOJIl [PYHTOBOTO MacUBY
3 eJIeMEHTaMH YTPUMYIOUHX MPOTU3CYBHUX CIIOPY/]l MAIbOBOrO THUITY IPUCBAYEHI poOOTH O6araTbox
BIJIOMMX BU€HHUX. B pe3ynbpTaTi BEIMKOi KIJTBKOCTI €KCIIEPUMEHTAIBHUX 1 YHCEIbHUX JIOCIIIKEHb
Oynu po3po0sIeHI METOIM PO3PaXyHKIB 3CYBHOTO TUCKY Ta TPAaHUYHOTO 3CYBHOTO HABAHTAXEHHS Ha
NI, OTPUMAaH1 3aJIEKHOCTI [ BU3HAYEHHS ONTUMAJIbHOI BIJICTaH1 MK HaJIsIMHU.

3aBlaHHs 3 BU3HAUEHHS BEJIMYMHM 3CYBHOTO THCKY Ha KOHTP(OpPCHI CIOPYIH OJHUMH 3
nepmux Bupimmwm K. Mlaaynn ta JI.C. Jlaminyc [4]. ExcnepuMeHTanbHUM LUISIXOM Oynu
OTpUMaHi XapakTepHI 30HU IUIACTUYHUX JAedopMmaliil IpyHTy nepea TOPLEBUMHU YacTHUHAMHU
KoHTp¢opciB. Lle no3BommiI0o OOIPYHTYBaTH 3aCTOCYBaHHS METOAIB Teopii MJIACTUYHOCTI.
ABTOpaMu pO3poOJIeHUI METOJ PpPO3paxyHKy OKpeMUX KOHTPQOpPCIB, SKUH TOKa3aB TapHY
301KHICTh 3 HATYPHUMHU Ta €KCIIEPUMEHTATbHUMHU JTOCI1PKEHHIMH.
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B pobGoti [5] 3amporoHoBaHa po3paxyHKOBa cXeMma JJisl BHU3HAUYEHHS 3CYBHOTO THCKY.
Biamiveno, 1mo ais KBaapaTHOI Mali CUJjia OMOPY 3MIMICHHIO TPYHTIB, TOPIBHIOE PIBHOAIIOUIN CHJTI
BiJl TUCKY IPYHTY Ha (pOHTaJbHY 1 O14HI rpaHi IPyHTOBOI IpU3MHU. J{J1s1 BAKOPHCTAHHS OTPUMAHOTO
pIllIEHHSI y BUITQJIKy Tajb KPYIJIOro IMepepidy HeoOXigHO BpaxoByBaTH KoedimieHT (HOpMU, SIKUK
TOpiBHIOE TU/4.

[Ipu mpoekTyBaHHI YTPUMYIOUHX CHOPY 1HXKEHEPHOTO 3aXUCTy OY/IIBEIb 1 CIOPY/ BaKJINBE
3HAYEHHS Ma€ PO3MOJIJ 3CYBHOTO THUCKY IO MHOWHI. BUeHi BiAMIYaIOTh PI3HUN XapakTep emrop
THCKY BiJI IpYHTY Ha criopyau. @opma emrop Moxe OyTH MPSIMOKYTHOK (PIBHOMIPHO-PO3MOIIJICHE
HABaHTAKCHHs), TPUKYTHO Ta y (opmi Tparelii (;1iHiHHO 3pocTaloye HaBaHTaXKeHHs) [5], a Takox
KPHUBOJIIHIHHOIO (HaBaHTa)KCHHS 3MIHIOETHCS 3a HETIHIMHUMU 3aJI€KHOCTIMU [6].

ABtopu po0it [3, 7-11] BiaMiyarOTh, IO MPOEKTYBAHHS MAIBbOBUX IMPOTU3CYBHUX CIIOPYI
HEOOX1IHO BUKOHYBATH BUXOJSUM 3 TEOPIH MJIACTUYHOCTI 1 apodHOro eexTy. 3a TOMOMOror IuX
Teopiil MO)KHA BHM3HAYaTH KPOK Majb B Py BUXOASYM 3 YMOB HE MPOAABIIOBAHHS IPYHTY Y
MPOCTIp MK NAJISIMU 32 PaXyHOK YTBOPEHHS IPYHTOBOIO Tija, 10 HEcCe.

B pobGorax [8, 12] BBenmeni gomymieHHs mpo (OpMy IPYHTOBOTO Tijla y BUIVISII apKu
napabosigHoi popmu. st 3a06e31eueHHs MOXIIMBOCT] YTBOPSHHS apKOBUX CKJICIHB NIEPe/I MasIMU
KO)KHOTO psiy, 3alpOIIOHOBAHO NPHUMMATH BIACTaHb MK psaMd Ha MEHIIEC CTPUIH TMixidomy
apku [3]. B npoMy BunaiKy BigOyBaeThCs mepeiadya YaCTUHU TUCKY 3 Macu IPYHTY, L0 3MIIy€ThCs
Ha CYMDKHI 3 HEIO YaCTHHHU Ta YTBOPIOETHCS IPYHTOBE Tiso, mo Hece. [licas mporo masi i IpyHT,
SKUH «GaKIIMHUJIO» MK HUMU TPALIOI0Th, K CYIIJIbHA IPYHTOOETOHHA CTIHKA.

B po6ori [11] npoBoauIKch MOCTIPKEHHS B3aEMOIIT MATLOBUX CIIOPY/ 13 3CYBHHMH IPyHTaMU
TUIACTUYHOI KOHCHCTEHII, TPH PO3TalllyBaHHI MAJLOBOTO PsIy HAa CXWII M KyTOM JO Hampsmy
3MillleHHs IpyHTOBUX Mac. [Ipu oMy 3acTocOBaHa KOPCTKO-TIIIACTHYHA MOJIENb IPYHTY. B pesysbrari
JOCII/DKEHHST BU3HAUEHI TPUITYCTHUMI 3CYBHI 3YCHJUISA, IO TMEPEAaloThCsl Ha Talli OHOPSAHOL
KOHCTPYKIIii, OTPMMaHi aHAIITUYHI 3aJIeKHOCTI AJIsl PO3paxyHKy KPOKY Il Ta TPAHUYHOTO THCKY.

T. Ito Ta T. Matsui [13] 3anponoHyBaiu METO BU3HAYECHHS KPUTHYHOT BIJICTaHI MK MaIsIMU
Ha OCHOBI Teopii «mracTHyHUX Aedopmartiiiy. BiaMmideHo, n10 BeIMYHMHA TPAHUYHOTO THCKY 3pOCTA€
IpU 3MEHIICHHI KPOKY MDK MajsMH, JIHIMHO 3aleXHUTh BiJ] MUTOMOIO 3YEIUICHHA IPYHTY Ta
HEJIIHIHHO 3aJIeKUTh BiJl KyTa BHYTPIIIHBOTO TepTs. Po3polieHi aBTOpaMu METOAM PO3PaXyHKY
[14] nanboBHX €eMEHTIB IPOTU3CYBHUX CIIOPY/I, SIKi BpaXOBYIOTh PO3TAlllyBaHHS Majlb Ha CXUI Ta
YMOBH 3aKpIIJICHHS TOJIB najb. Ha OCHOBI BUKOHAHUX JIOCHIIKE€Hb PO3pOOJICHI peKOMEH allli Mo
MIPOEKTYBAHHIO, SIK1 IPE/ICTaBIICH] Y BUTJISI/II HOMOTPAM.

B poGoti [15] mpoBeneHi uucenbHI JOCHIKEHHS B3a€MOJIIi MalbOBOTO PSy 3 3CYBHUM
IPYHTOM METOJOM CKIHYEHHMX €JEeMEeHTIB. B 1mocnmipkeHHSX mami po3TalloBYBaIMCh I10
3Ur3aronoAioHii TpaekTopii. OTpuMaHi 3aJ1€KHOCTI TUCKY Ha MaJbOB1 €JIEMEHTH BiJ] MEPEMIIIEHHS
IPYHTY J00pe 3ilIIack 3 eKCepuMEeHTAIbHUMH JaHUMHU. TakoX MOJETIOBAaHHS B3a€MOJIT IPYHTY
3 OJHUM PSJIOM YTPUMYIOUHX Iajb METOJOM CKIHYCHHX €JCMEHTIB BHKOHaHO B poboti [16].
BukoHaHi po3paxyHKH [O3BOJMJIM OTPUMATH KapTHHY JegopMmailid IPyHTY MDK NalsiMU B
TPUBUMIpPHIN MocTaHoBLI. B pe3ynabTaTi MOAeNOBaHHS OTPUMaH1 30HU IUIACTUYHUX AepopMariiil i
rpadiki KpUTUYHHUX 3CYBHHMX THCKIB. JlOCIITHUKaMU BKa3yeThCs, 110 KPIIUIEHHS YKOCY NMajlbOBUMHU
cnopyaamu Beze 10 3minu ioro HJIC.

B pobGoti [17] BHKOHaHI EKCIEPUMEHTAJIbHO-TEOPETHYHI MOCIIHKEHHS B3a€MOJIi Majb-
LIMOHOK 13 3CYBHUM I'pyHTOM. Ha 0CHOBI poBeeHUX AOCHIKEHb PO3pO0JIEHI METOIU PO3PAXYHKY
HJIC nanb-mmoHOK y 3CyBHIN TOBIII Ha MEPENoOB3aHHs Ta MPOAABIIOBaHHSA. MeTOJ| pO3paxyHKy
MaJTb-TIMTOHOK MPOTH3CYBHUX CIOPY/A Ha 0 TOPU3OHTAIBHOI CHIIM B 3aKJaJiaHHI JJIsl BHIIAIKY,
KOJIM PIBEHb 3aKJIaJaHHs Malb-IINOHOK Yy MIIHUX TIPYHTaX PO3MILICHUH HIDKYE BiJ IMOBEpPXHI
KOB3aHHS Ha 3HA4HIN TIMOWHI HaBeAeHU B poOoTi [18]. 3anmponoHOBaHI METOIUKH AAIOTh 3MOTY
KOPEKTHIIIE PO3paxOBYBATU Mali-IIMOHKK YTPUMYIOUHMX MPOTU3CYBHHX CIIOpYJ 3aJ€KHO BiJ
I'PYHTOBHX YMOB 1 OTPUMYBATH ONTUMAaJIbHI NMapaMeTpu AJis NPUUHATTS HaHOUIbII €eKOHOMIYHUX 1
HaAIHHUX TPOEKTHO-KOHCTPYKTOPCHKHUX PIillIEHb.

HesBakaroun Ha BeNUKY KUIBKICTh ICHYIOUMX METOJIB PO3paXxyHKY MalbOBUX KOHCTPYKIIIH,
Ha CHOTOJHIIIHIN JE€Hb HEMa€ €JMHOTO MiAXOAy B MUTAHHAX BHOOPY PO3PAXyHKOBOi CXEMM Ta
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BU3HAYECHHSI KPUTUYHOI BIJICTaHI MK YTPUMYIOUUMH efleMeHTaMu. OCKUIbKH KPIMJICHHS CXUITy a0
YKOCY YTPUMYIOUHMMH NaJbOBUMHU CHOPYIAAMH MPU3BOAUTH A0 3MIHU HalpykeHO-1e(OPMOBAHOTO
CTaHy IPYHTOBOTO MAacHBY, TOMY HEOOXiJHO BHKOHYBaTH aHaji3 CTIHKOCTI 3 ypaxyBaHHSIM
YTPUMYIOUMX KOHCTPYKLiil. B ocraHHiii 9ac, B mpakTHlll iH)XEHEPHUX pPO3PAaXyHKIB, HIMPOKE
3aCTOCYBAaHHS 3HANILIO YMCEIbHE MOJIEIIOBaHHA. YnCelbHI METOM 1al0Th MOXJIUBICTh 3 BUCOKOIO
TOYHICTIO Ta y CTHUCII TEPMIHU BUPINTYBATH CKJIaJHI 1IH)KCHEPHI Ta HAYKOBI1 3aBJaHHS.

Merta i 3aBIaHHsA J0CJizKeHHsl. BusHaueHHs HanpyKeHO-1e()OpMOBAHOTO CTaHy €JIEMEHTIB
YTPUMYIOUMX HPOTU3CYBHUX CHOPYJ NpH iX B3a€MOJIl 3 I'PYHTOBUM MAacHUBOM 3 METOI0 BHOOpY
ONTUMAJIBHOI Ta EKOHOMIYHO €()EKTHBHOT KOHCTPYKIIi.

Merta pobotu Oyna TOCATHYTa BUPIIICHHSIM HACTYITHUX 33124 JJOCIHKCHHS:

— PO3pOOUTH PpO3PAaXyHKOBY CXEMy Ta BHMKOHATH YHCEIbHE MOJICIIOBAHHS B3aEMOJIL
IPYHTOBOIO MAaCHUBY 3 €JIE€MEHTaMHU HOBOi YTPHUMYIOUOi MPOTHU3CYBHOI CHOPYIOH Yy BHUIVISIL
KOHTP(OPCiB 3 OypOCIYHMX Majb PI3HOTO JiaMeTpa;

— PO3pOOUTH PpO3PAaXyHKOBY CXEMy Ta BHMKOHATH YHCEIbHE MOJICIIOBAHHS B3aEMOJIL
IPYHTOBOI'O MacHBY 3 €JIEMEHTaMHU TPaJAULINHOI yTPUMYHOYOI MPOTU3CYBHOI CHOPYIAH Y BHUIJISII
JIBOX psAiB OypOHAOMBHHUX Majlb, 110 PO3TALLOBAHI IONEPEK 3CYBHOI'O MACUBY;

— TIEPeBIPUTH E€KOHOMIYHY €()eKTHBHICTH HOBOI KOHCTPYKIII yTPHUMYIOYOi MPOTH3CYBHOI
CHOPYIU Y BUIIISLII KOHTP(OPCIB 3 OYPOCIUHHX Malb.

Metoau pociigxeHHs. YUncenbHI METOAM AOCHIIKEHHS B3a€MOJIi IPYHTOBOI'O MAacCHUBY 3
eIEMEHTaMH YTPUMYIOUMX TPOTU3CYBHHX CHOPYA 32 JIOTIOMOTOI0 CKIHYEHO-EJIEMEHTHOTO
nporpamuoro komruiekcy Midas GTS NX.

PesyabTaTn gociaizmxennsi. B npezacraBieHii poOOTI BUKOHAaHE YHUCENIbHE MOJETIOBaHHS
B3a€MO/Iii TPYHTOBOTO MAacHBY 3 €JEMEHTaMH YTPUMYIOYHX MPOTHU3CYBHHX cCropyn. Peamizamis
YHCEIBHOTO E€KCIIEPHUMEHTY BUKOHAHA B JILEH3IHHOMY T€OTEXHIYHOMY MPOrPAaMHOMY KOMILIEKCI
Midas GTS NX, B sxomy pearmizoBanuii MCE. IloBeninka IpyHTY B PO3paxyHKOBHX CXeMax
OIUCYBaJach MPYXHO-IIACTUYHOK Mojetto Mopa-Kynona. Monens Mopa-Kynona HaituacTtime
BUKOPUCTOBYETHCS JUUIsI MOJICITIOBAHHS IMOBEIIHKA TPYHTOBHX OCHOB, TaK SIK JEMOHCTPYE JIOCHUTh
HaJIHI pe3ylbTaTH B 3arajibHUX HENIHIMHUX po3paxyHkax IpyHTIB. Lls monens 3acHOoBaHa Ha
3aJIeKHOCTI MIX IIBUIKICTIO 3MiHH e()EeKTUBHUX HANPY>KEHb 1 MIBUIKICTIO JeopMalliil.

[Ipu po3podui pO3paxyHKOBHX CXEeM, TeOMETpHYHHA Tpodine Ta (i3uKo-MexaHiyHi
BJIACTMBOCTI I'PYHTIB, 110 CKJIJal0Th CXWUJ OYyiIM MPUMHATI BIAMOBIIHO A0 pPeabHUX IPYHTOBUX 1
TornorpadgiuHux yMoB cXuiiB Opecbkoro y3oepesxoxs. Po3paxyHKOBHUN CXMJ CKJIAZA€THCS 3 TPbOX
1iapiB IPpyHTY. 3CyBHa TOBIIA IPYHTIB BiAJUIEHA B1J KOPIHHUX IOPiJ IIApOM IPYHTY MOPYIIEHOI
cTpykTypu noTyxHicTIo 0,5 M. ®Popma moOBepxHI KOB3aHHS NpPUHHATa ONHM3BKOIO 1O KPHUBOI
OOpyILIeHHs, XapaKTepHOi /Ui 3CyBY BUAaBIOBaHHS. Di3MKO-MEXaHIUHI XapaKTepUCTUKU TPYHTIB,
10 CKJIA/Ial0Th CXWJI, HaBeAeHi y Tadmuii 1.

Tabmuis 1 — @i3uko-MexaH1uHI XapaKTePUCTUKH IPYHTIB

IInToma KyT ITutome Monayns
Ne HailimenyBaHHS IpyHTY Bara rpyHTy BHYTPII™ e nenns nedopmariii
3./ 0, KH N HBOTO TEPTS c. xlla E, MITa
@, Tpan.
1 | 3cyBHa TOBIIA 17 21 21 16
2 | IpyHT nopyIeHoi CTpyKTypH 18 5 4 14
3 | OcHoBa cxuity 20 25 25 25

[Tani yTpUMyIOYHMX HPOTU3CYBHHX CHOPYA 1 I'PYHTOBHH MacHuB B PO3PAaXyHKOBHUX MOJEISX
Oynu mpejacTaBieHl O0'€eMHUMH CKIHYEHMMHM ejeMeHTaMmu. KoedilieHT TepTd IpyHTYy HO maii
NPUKAHATUH, SK JUIS 3B’A3HOTO IpyHTY piBHUM 0,6. KOHTaKkT IpyHTY 3 MajdbOBUMH e€JI€MEHTaMU
MPOTU3CYBHUX CIIOpPYZ 3AIHCHEHMH dYepe3 IUIOIMHHME iHTepdeiic. 3aBaaHHA Naib 00 €MHUMH
eJIEMEHTaMH JIa€ 3MOTY IOBHOI[IHHO BpaxyBaTd IEpepi3 eeMEeHTy, a TaKoK PO3MOJUI Hampyr IO
niepepizy. Lle € myxe BaXTMBUM MPH 3aCTOCYBAaHHI MaJlb CKIIQHUX TTEPEPI3iB.
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B mpomeci NpoeKTyBaHHS YTPUMYIOUMX MPOTHU3CYBHHMX CIIOPY/A MAJBOBOTO THILY, IS
MOTIEPEPKEHHST YTBOPEHHS HETIPUIYCTUMHX JedopMarliii, MOPYIICHHsS CTIHKOCTI CXWIY, a TaKOX
pyiiHyBaHHS OyiBeNb Ta CHOPYI, AyXKe BOXIMBUM € BU3HAYCHHS 1 BpaXyBaHHs YCiX HABaHTAXEHb Ta
BIUIMBIB, sIKi OyyTh JisiTy Ha naji. KpiM po3paxyHKiB CTIHKOCTI CXMITy HEOOX1HO TaKOXK BUKOHYBATH
MIEPEBIPKY YTPUMYIOUHX €JIEMEHTIB Ha MIIHICTh. PO3paxyHKHM Ha MILHICTb J03BOJSTH BU3HAUUTH
ONTUMAJIbHI po3MipH majb. [Ipyu 3HAYHUX BEMYMHAX 3CYBHOTO TUCKY MILHICTH Majli MOXKE BUSBUTHCH
JimMiToBaHOIO. B 1IbOMYy BUNAJKy pO3paxyHKH CTIHKOCTI HE MalOTh HISIKOTO CEHCY. TakuMm YHHOM,
BUOIp ONTUMANbHOI KOHCTPYKIIT MOXIIMBUI B pe3yiabTaTl PO3paxyHKIB YTPUMYIOUHMX CIOPYI 3a
IpaHUYHUMU CTaHAMHM TepIoi (3a MIHICTIO Ta CTIMKICTIO) 1 Ipyroi (3a MOMEHTOM IOSIBH Ta IIMPHHI
PO3KPHTTS TPIIIMH, a TAKOX 32 JIeOpMAaIIisIMH ) TPYIL.

Bukonani B po0oTi wyMcenbHI eKcrmepuMeHTH mnojsiram B Bu3HaueHHi HJIC enemeHTiB
YIPUMYIOUMX CIIOPYZ 3a JBOMAa BapiaHTaMW KOHCTPYKI[M ManboBoro Tuiry. [IpuiiHSATI KOHCTpYKIT
BIJIHOCSTHCS /10 MAIBbOBUX CIOPYX INTMOOKOro 3akiajeHHs. OCHOBHA BIAMIHHICTb CHOpPY[ MOJSTae B
NPUHLUIT PO3TAIlyBAaHHSAM YTPUMYIOUMX €JIEMEHTIB IO BiIHOIICHHIO 10 HANpPSAMKY PyXy 3CYBHOI
TOBIII.

Po3zpaxynkoBuii ~ cxuin  BigHeceHMHM g0  3cyBoHeOesmeuHoro.  Kmac — HacmigkiB
(BimmoBimanbHOCTi) ciopynu npuiiasaTaii CC2. HopmatuBHuUit Koe(bluleHT 3amacy CTIMKOCTI Tpu
OCHOBHOMY cnonyquHl HaBaHTaxeHb ckianae 1,20. HaBaHTakeHHsS 1 BIUIMBU, NPUHHATI JUIs
PO3paxyHKIB CTIHKOCTI CXWITy, BIANOBIJalOTh BUMOraM HopMaTuBHUX AokyMmeHTiB JICTY-H B.1.1-
37:2016 [1] 1 AbH B.1.1-46:2017 [2].

MaxkcumanbHa KpUTHYHA BiJICTAHb MK YTPUMYIOUHUMH €JI€MEHTaMH, BUXOISYM 3 YMOB HE
IIPO/IABIIIOBAHHS IPYHTY Ta INIMOMHA 3aKJIQJICHHS €JIEeMEHTIB HUXKUe KpUBOi KOB3aHHS BU3HAYEHI 3a
METOJIMKOI0, TPEJCTaBJICeHO0 B poOoTi [3]. TakuM YWHOM, KpPHUTHYHA BIJICTaHb MiXK MaJIsIMHU
CTaHOBUTH 2 M. [ TMOMHA 3aKJIaIeHHS MaJlb B CTIMKI IPYHTH OCHOBH CXWITY IPUUHATA PIBHOIO 6 M.

B po3paxyHKOBMX cXeMax KpOK 1 JllaMeTpH yTPUMYIOUMX €JIEMEHTIB HiAOMpauCh TaKUM
YMHOM, 1100 MPH 3aCTOCYBaHHI Ul YTPUMAaHHS 3CYBHOT'O Tijla KOXHOI'O 3 BapiaHTIB KOHCTPYKLIH
Oynu oTpuMani 0mM3bKi KoedinieHTH 3anacy criiikocti. [Ipu poMy BificTaHb MiXK TAJIIMU HE MOXKE
NepEeBUIIlYBaTH BU3HAYEHY KPUTHUHY BIZICTaHb, IO JOPIBHIOE 2 M.

Ilepma xoHcTpykuis (BapiaHT 1) npeicTaBiIeHa HOBOI KOHCTPYKLIEI YTPUMYHOUOL
NpOTU3CYBHOI criopyau mnansoBoro tumy [19]. Ilomepeunuit po3pi3 yTpuMyrouoi HpPOTHU3CYBHOI
CIIOPYAM MPEICTaBIIEHU Ha puc. 1.

3 z

4 !
Puc. 1. [lonepeunuii po3piz mpoTU3CYBHOI CIOPYAH

[IpoTu3cyBHa criopyna BUKOHAHA y BUIVIAAI KOHTP(OPCIB, MO3A0BXKHI Bici SKUX MapalesbHi
OJIHA OJHIH, SIK1 CKJIQJA0ThCA 3 OypOCIYHUX Tajh | pi3HOTO AlamMeTpa, IO BJIAIMITOBAaHI B 3CYBHIN
TOBIII TPYHTY 2, MPOpPiI3al0Th MOBEPXHIO KOB3aHHS 3 1 3arauOiieH] HKHIMU KIHISIMH y CTiMKi
kopinui mopoau 4 [19, 20]. Koutpdopcu o00’emnHanHi MiK c000H0 3BEpXy MOHOJITHUM
3aJ11300€TOHHUM POCTBEPKOM 5 3MIHHOI BUCOTH, 3 MOXUJIOI0 HIKHBOIO IPAaHHIO.
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B po3paxyHKOBiil MoJieNIi KOHCTPYKIISl CKIAQAAETHCS 3 pAAY KOHTP(HOPCIB 3 OypOCIYHUX Malb
(puc. 2), miamerp SKHX 301UIBIIYETHCSA B HANMpSIMKY IMepeMilieHHs 3cyBy. Koxen koHTpopc
yrBopenuit nansmu npiamerpamu 800, 1000 i 1200 mm. JloBxkuHa KOHTPGOPCIB, 3 BpaxyBaHHIM
MIMOWHM 3aKJIaJieHHs B OCHOBY cxmily, ckiagae 20 m. Illupuna koHTpdOpPCIB CTaHOBHUTH 2,06 M.
Bincranp Mixk KOHTphopcamu, 3riHO 3 pO3paxXyHKaMH, CTAHOBHUTD 2 M.

Jlpyra KOHCTpyKUisi (BapiaHT 2) mpelcTaBlieHa TPAAULIHHOIO YTPUMYIOUOIO CIIOPYIOI0, sIKa
BHUKOHAHA 3 JIBOX Psi/iiB OypOHAOMBHUX Malb, IO PO3TAIIOBaHi momnepek cxmiy (puc. 3). Jdiamerpu
najgb 000X psaaiB npuiiHATI piBHUMH 1200 mm. JloBkuHaA Tanb, SK 1 B TEPIIOMY BapiaHTI
KOHCTpyKIIii, cknamae 20 M. Kpok mans 1 BicTaHb MK psagamMu npuitHaTi 1,5 m. [1ani po3ramoBaHi
B IIaXOBOMY TOPSIKY. 3MEHILIECHHS KPOKY HaJlb TOB’S3aHE 13 HEMOXKIIMBICTIO Mig00py apMyBaHHS
ITiJT PO3PAaXyHKOBI BHYTPIIIHI 3yCHILIA, IO BAHUKAIOTH B €JIEMEHTaX MPH KPOITi 2 M.

3aralbHUI BHIJISAJ PO3PAXyHKOBOI MOJENI 3 KOHCTPYKIISIMH YTPUMYKOUUX TPOTH3CYBHHUX
CTIOpYA TpeAcTaBiIeHui Ha puc. 4. B po3paxyHKOBUX cXeMmax, 3a JIBOMa BapiaHTaMH MPUHHATHX
KOHCTPYKILIH, yTPUMYIOUi €IEMEHTH 3BepXy He Oyiu 00’ €JHaHI POCTBEPKOM.

{ |
¥
2 2000

L T T ]

4

o0 ,‘ 7

r r
Puc. 2. [1nan yrpuMyro4oi CHOpyIu y BUTIISAI
KOHTp(opCiB 3 OypociuyHux maib (Bapiant 1)

Puc. 3. [Inan yrpuMyro4oi ciopyau y BUTIISAL
JBOX psi/iiB 3 OypoHaOMBHUX Nanb (BapiaHT 2)

Puc. 4. 3aranpHuit BUTIISIT pO3paxyHKOBOI MOIEINI
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Pospaxynku HJIC r1pyHTOBOrOo MacuBy CyMICHO 3 KOHCTPYKIISIMH YTPUMYIOUYHX
MPOTH3CYBHUX criopyn BukoHyBamuch MCE, 3 BU3HaueHHsSM KOe(]iIll€eHTy 3amacy CTIHKOCTI
METOAOM penyKiii (3HWKEHHS MIIHICTHUX XapaKTepUCTHK). Metox penykuii mojsrae B
MOCTYIIOBOMY 3HM)KEHHI 3CYBHOI MIIIHOCTI 1 BHKOHaHHI po3paxyHky HJIC no Tux mip, moku
pIIICHHS HE TIEpeCTaHe CXOAUTHUCS. Taka CUTYyallisl BiJIIOBIIa€ OOBAJICHHIO YKOCY, a MAaKCUMaIbHUN
Koe(iIlieHT 3HWKEHHS 3CYBHOI MIIIHOCTI BB@XKA€TbCS MiHIMAJIbHUM KOe(DIIIEHTOM 3amacy
CTIMKOCTI. 3a JOMOMOTOI0 JAaHOTO METOJy YHMCEIbHOTO aHalli3y MOXKIHUBO MOJENOBATH (popmy
oOBaJieHHsI ONU3BbKY 10 peasbHOi. IIpu 1IbOMYy TOCHTH TOYHO MOKE€ OYTH OILIIHECHHH MeXaHI3M
oOBaJICHHsI 1 BU3HAYEHUH MIHIMaJIbHUN KOE(ILIEHT 3anacy CTidikocTi cxmiy (ykocy). Jlanuit Mmeron
PO3paxyHKy € JIOCHUTh BHUTPAaTHUM, TaK SK BUMarae 0araTopa3oBOr0 BHKOHAHHS HEIIHIHHOTO
po3paxyHKy. [Ipu boMy BiH J03BOJISIE OTPUMYBATH OUIBII TOYHI PE3yNIbTATH 33 MPUHHITHHIA Yac
MIPU BUKOPUCTAHHI Cy4acHOI 0OYHCIIIOBAIBLHOT TEXHIKH.

B pesynbrati pospaxynkiB HIAC rpyHTOBOro MacuBy CyMICHO 3 €JIEMEHTaMH YTPHUMYIOUYHX
criopyn, Oynu OTpUMaHi 30HU MAaKCUMAIBHHUX JOTUYHHUX HAMpPYKEHb 1 3HAYCHHS KOCQIIIEHTIB
3amacy CTIMKOCTI, BH3HAYEHUX METOJOM penyKiii. 3arajbHa CTIHKICTh CXWJIY 3 ypaxyBaHHSIM
YTPUMYIOUHX CIOPYJ Yy BHIJISAAI KOHTphOpCiB 3 OypociuHux manb (BapianT 1) 3abesneueHa 3
MiHIMaIbHUM Koe(imieHToM 3amacy criiikocti Ky =1,203, mpu npuiiHITOMY HOPMATHBHOMY
3HaueHHi Ksy=1,20. KoeiltieHT 3amacy CTIHKOCTI CXHITy 3 ypaXyBaHHSIM KOHCTPYKIIIT 3 TBOX PsIIiB
OyponaOuBHUX maib (Bapiant 2) ckianae Ky =1,207.

Takox Oynu BU3HAYEHI 3HAYEHHS BHYTPIIIHIX 3yCHJIb (3TMHAIBHUX MOMEHTIB 1 TIOMIEPEYHHUX
CHJI), 1[0 BUHUKAIOTh B MAJbOBUX EJIEMEHTAaX P OCHOBHOMY CIIOJYYCHHI HaBaHTaXeHb (puc. 5, 6).

a) 0)
BEAM FORCE BEAM FORCE
BENDING MMNT Z , ki*m BENDING MMNT 2 , kiN*m
-+2200,9771 I - +679.0409
= -+1156.5304 — P +257.4504

r T

+112.0838 — -164.1400

— -932.3628 - -585.7305

H --1976.8093
I --3021.2563

—-1007.3209

=

[

--1428.9115

————-4065.7029 ————-1850.5020
-5110.1494 --2272.0925

= --6154.5962 2693,
= 2693.6829
T
= --7199.0430 --3115.2734
=
= 4

Puc. 5. Entopu 3ruHaIbHUX MOMEHTIB B NAJIbOBHUX elleMeHTax, KH m:
a — KoHTpdopc 3 OypociuHuX naik (Bapiant 1); 6 — OypoHaOuBHa nasns (BapiaHt 2)

MaxkcumasnbHe 3HaYeHHs 3TMHAJIBLHOIO MOMEHTY, 10 BUHHMKAE B KOHTpdopcax 3 OypociyHHX
nanb (Bapiant 1) ctanoButh M=7199 kH-M. B GypoHabuBHuX namsx (BapiaHT 2) MakCHUMaJlbHUN
3rUHaIbHUNA MOMEHT fopiBHIOE M=3115 kH-M. MakcumanbHi nonepeyHi cuiiu cTaHoBiIsITh Q=2986
kH Ta Q=1210 xH BiamosigHo.

[Ilo6 3abe3neunT HEOOXIAHY MIIHICTh KOHCTPYKIIM yTPUMYIOUHMX CHOPYA HEOOXiTHO
MIPOBECTH PO3PaxyHKH 1 MiAIOpaTH KIIbKICTh apMaTypH IJs COPUMHSATTS J1I0YMX HaBaHTaKEHb.
KinbkicTh apMaTypu B Majsix 3a1€KUTh BiJl KPOKY 1 JiaMeTPiB YTPUMYIOUHX €JIEMEHTIB, a TAKOX BiJl
BEJIMYMHM 3CYBHOTO THCKY. IIpu nmpomy OGakaHo 100 BiICOTOK apMyBaHHS KOHCTPYKIIi CKJajaB
0,5-3% Bijx TUTOIII ITEpepi3y eIeMEeHTa.
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a) 0)

BEAM FORCE
SHEAR FORCE ¥, kN

I —+2985.6565
+2542.0652

BEAM FORCE
SHEAR FORCE ¥, kN

I +1209.7933
+1033.1949

e

————+2098.4739 — +856.5964
- +1654.8827 =] +679.9980
= ﬁ ———+1211,2915 ” - +503.3996
= B 7677001 ; | +326.8011
——— - +324.1089 - ' - +150.2026
4 -119.4825 ; -26.3958
-563.0737 - -202,9943
--1006.6650

-379.5927

il

Puc. 6. Emopu monepeyHux CUII B MalbOBHX eJleMeHTax, KH:
a — KoHTpdopc 3 Oypociunux nanb (Bapiant 1); 6 — OyponabuBHa nans (BapiaHT 2)

3a oTpuMaHUMH B pe3ynbTaTi po3paxyHkiB HIC MakcuManbHUMH 3rHHATBHUMH MOMEHTaMH
1 momepeyHUMH CHJIaMH Oyno mifgiOpaHe apMyBaHHS YTPUMYIOUMX €JIEMEHTIB 3a OIOMOTOI0
nporpamHoro komiuiekcy «SCADy. Ilanmi BnamroByrOTbCS B IPYHTI IIJISIXOM  3allOBHEHHS
npoOypeHuX CBepIUIOBUH OeToHHOK cymimmio kimacy C25/30 Ha  cynbgaTocTiiikomy
MOPTIAHIIEMEHTI 3 Mapkoro 1o Mopo3socTtiiikocti F150 1 BomonemponukaocTi W6. IlinGip
apMaTypu 3IIICHIOBaBCS TIpH OCHOBHOMY TIO€JHAHHI HABAaHTAXEHb 3  ypaxXyBaHHSIM
KOPOTKOYACHOTO 1 TPUBAJIOTO PO3KPHUTTS TPILIKH 3 IMOJAIBIIO ITEPEBIPKOIO HA MIIHICTb.

OCKINbKM €J1eMEHTH YTPUMYIOYOi CHOPYAM HOBOIO THUITy MAaIOTh CKJIAIHHUNA Iepepis, SKOro
HEMae B TUIIOBOMY HaOOpi mepepi3iB nmporpamu, OyB 371HCHEHHH Ni0Ip €KBIBaJEHTHOIO MEpPeEpPi3y.
B sKocTi €KBIBAJIEHTHOrO Mepepily MNPUIHATHI TaBpoBHUIl mepepi3, SKUH HaOUIbII OJIM3BKO
anpokcuMmye ¢GopMmy KoHTpdopcy 3 OypoCiYHMX Maib 3a I'€OMETPUUHUMH XapaKTePUCTHKAMHU.
P030ixKHICTh TEOMETPUYHUX XAPAKTEPUCTUK BUXIAHOTO 1 €KBIBAJIEHTHOTO MEpepi3iB HE MEPeBUIIYE
3% 10 KOXKHIH 3 XapaKTEPUCTHK.

Pesynbratu ninbopy apMyBaHHS YTPUMYIOUMX €JI€MEHTIB 3a JIBOMa BaplaHTaMHM KOHCTPYKIIII
npejcTaBieHi Ha puc. 7, 8. 3HaueHHS Koe(illi€eHTIB BUKOPUCTAHHS NPUHHATOrO apMyBaHHS
HaBeleHl B Ta0IuIIX 2, 3.
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Puc. 7. Pesynbratu nigdopy apMyBaHH 11 KOHTPHOPCiB
3 OypociuHuX najib (BapianT 1)
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Tabmuus 2 — 3HaueHHs KOe(iIiEHTIB BUKOPUCTAHHS MPUIHATOTO apMyBaHHS
111 KOHTPQOPCiB 3 OypOCIYHUX Maib (BapiaHT 1)

Ne . Koedimient . .
2 /1L ITepeBipka BHKODHCTAHES I'padiune BimoOpakeHHS
1 MinHicTh 3a I‘paH'I/I‘-IHI/IM 0,424
MOMEHTOM NEpepi3y
5 [lIvprHa pO3KPUTTA TPILLIMH 0,633
(kopoTkouacHa)
3 [IIuprHa pO3KPUTTS TPILLIUH 0,949
(TpHrBaa)
4 MiuHicTs 10 MOXHITIH CMy31 MK 0,008
MOXWJIMMH TPIIIUHAMU
5 MI.HHIC”FB 1O MOXMWIIII 0,011
TPIIIMHI

ApmyBaHHS KOHTP(OPCIB 3IHCHIOETHCS IPOCTOPOBIUMH 3BApHUMH METAJIEBUMH KapKacaMH.
Ha BnamTyBaHHS MO370BKHBOTO apMyBaHHS KOHTpdopciB HeoOxiqHo 17 cTpmxkHiB P36 MM Ta 24
crpwkHa D16 mm apmatypu kimacy AS00C. Ilomepeyne apMmyBaHHS 3IIMCHIOETBCS XOMYTaMH 3
apmatrypu kiacy A240C @10 mm. Kpok nonepeunoi apmarypu 300 M. 3axucHuit map 6eToHy a7
MO3/I0BXHBO1 (poO0401) apMaTypH npuiHATHI 50 MM.

_ 600 72 600
K

Y
N

Sw ’*I/ 0 Jf‘

Puc. 8. Pesynpratu nigdopy apMyBaHHS JUIs
OypoHaOMBHUX Majib (BapiaHT 2)

rc

600

1200

600

Tabmuus 3 — 3HaueHHs KOediIiEHTIB BUKOPUCTAHHS PUHHATOTO apMyBaHHS
U1 OypOoHaOMBHUX Nasib (BapiaHT 2)

Ne . Koeoimient . .
. IlepeBipka BHKOPHCTAHHA I'padiune BinoOpakeHHS
1 MinHicTs 3a l"paH.I/I‘{HI/IM 0,594
MOMEHTOM NEPEPI3Y
2 IuprHa pO3KPUTTS TPILLUH 0,634
(kopoTkoUacHa)
3 IuprHa pO3KPUTTS TPIILUH 0,951
(TpuBaa)
4 MinHicTh MO TOXHITIH CMY31 MK 0,032
MOXUJIMMH TPIIIMHAMU
5 M%quch 10 MTOXMJIIN 0,080
TpiluHI

ApmyBaHHS OypOHaOMBHUX TMaib 3AIMCHIOETHCS TPOCTOPOBHMH 3BAPHUMHU METAJICBUMU
kapkacamu. [103/10BXKHE apMyBaHHS BJIAINITOBYETHCS 3 27 CTpWXkHIB P36 MM apMaTypu Kiacy
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AS500C. B skocTi momepeyHoro apMmyBaHHA miniOpanHa apmatypa kmacy A240C @12 mm. Kpok
noniepeunoi apmatypu 100 mm. 3axucHuii map 6eToHy 1 poOodoi apMaTypu IpuiHATANR 50 MM.

Bincorok apmyBaHHS Kpyriux OypoHaOMBHUX Majb CTAaHOBUTH 2,5%, 110 HE MEpEBHILYE
3HAYEHHS ONTHUMAIbHOIO BiJiIcoTKa piBHOTrO 3%. BigcoTok apmyBaHHS KOHTp(OpPCIB 3 OypociyHUX
naib ckiagae 1%.

3 IIJUTIO OIIHKM €KOHOMIYHOi €()eKTUBHOCTI HOBOI KOHCTPYKIIi yTPUMYIOUOI MPOTHU3CYBHOT
ciopyad Oynu BU3HAUEHI BUTpaTH OCTOHY Ta apMaTypH Ha BIJIAIITYBAaHHS KPITUICHHS TUISHOK
CXUJTy PI3HO1 AOBXKUHU. JIOBXKHMHA TUISTHOK MPUNHATA KPATHOIO KPOKY YTPUMYIOUHMX €JIEMEHTIB 3a
IBOMa BapianTamu. Po3paxyHku BUKOHaHI i1 000X BapiaHTIB KOHCTPYKIIN YTPUMYIOUUX CIIOPY/I.

[Ipu uboMy JyIst BIAITYBaHHA OAHOTO KOHTpdopey 3 Oypociunux nans @ 8§00, 1000, 1200 mm
HeoOxinHo 48,36 M° Gerony kiacy C25/30 ta 3677,52 kr apmarypu (A240C i A500C).

Ha BnamryBanHs onHiel OypoHAaOMBHOI najii HEOOX1THO:

a) 6etony kimacy C25/30 — V. = 22,61 M

0) apmatypu kiaciB A240C 1 A500C 3aranpHor0 Baroro 5049,32 kr.

Otpumani 00’€eMH OCHOBHHMX MaTepiayliB, HEOOXITHUX [UIS BIAIITYBAaHHSA KpIIJICHHS
PO3paxyHKOBOT'O CXWJTYy, HaBelIeHI B Ta0OmuIli 4.

Tabmus 4 — ButpaTtu OCHOBHUX MaTepialliB Ha BIAIITYBAHHS KPIIJICHHS CXUILY

KinpkicTs 006’em 3aranpHa KinpkicTs 00’eMm 3arannHa
JlopxxrHa s
. KOHTP(GOPCiB, | OeTOHY, Bara OypoHaOMBHUX | OETOHY, Bara
AULHKH IIT. M apMarypu, T [aJb, IIIT. M apMatypu, T
CXHIY, M Bapianr 1 BapianT 2
30 16 773,76 58,84 41 927,01 207,02
60 31 1499,16 114,00 81 1831,41 408,99
90 46 2224,56 169,17 121 2735,81 610,97
120 61 2949,96 224,33 161 3640,21 812,94
150 76 3675,36 279,49 201 454461 1014,91
BucHoBKku:

1. KoHCTpyKLis yTpUMYIOYOi MPOTU3CYBHOI CIOPYIU Yy BUIIIAAI KOHTPPOPCIB 3 OYpOCIUHUX
najp MOXXe OyTH BHKOpHCTaHa [yl cTaduli3aiii 3cCyBOHEOE3MEeUHUX Ta 3CYBHHUX CXMIIIB, a TaKOX
MIJIBUIIICHHS CTIMKOCTI JIJISHOK CXWJIIB, Ha SKUX EKCIUTyaTYIOThCS, PEKOHCTPYIOIOThCS Ta
OyayroTbcst OYy/iBII 1 CHOPYAU PI3HOTO MPU3HAYEHHS.

2. Kontpdopc 3 OypociuyHux naib Mae Habarato OUIbIIY 3rHHAIBHY YKOPCTKICTH 1 MIIHICTB,
HIK KUIbKa OTMHOYHUX OypOBHX Majib pa3oM. 3aBJSKU [[bOMY KOHCTPYKI[iSl yTPUMYIOUOi CIIOPYIU Y
BUIJISLII KOHTP(HOPCIB 3/1aTHA CIIPpUIIMATH 3HaYHO OUIBLII 3HAUYEHHS 3CYBHOI'O THCKY Ta MOXKE OyTH
BUKOPHUCTaHA /Ui cTabinizamii rimmOoKuX 3CyBiB.

3. MakcuManbHe 3HAYeHHS 3TUHAIBHOTO MOMEHTY, IO BHHHUKa€E B KOHTpdopcax 3
OypociuHux mnanb (BapianT 1) cranoButh M=7199 kH-M. MakcumanbHUI 3rHMHANbHUN MOMEHT B
OypoHaOuBHUX mansx (BapianT 2) gopiBHioe M=3115 kH-M. MakcumanbHi mHoONepedHi CHUIIU
ctanoBATE Q=2986 kH (Bapiant 1) Ta Q=1210 kH (BapianT 2).

4. 3a pe3ynbTaTamMH TMOMEPEIHIX PO3PaXyHKIB BCTAHOBJIEHO, IO 3aCTOCYBAHHS KOHCTPYKITIT
MPOTU3CYBHOI CIOPYIH Y BUTIISAI KOHTP(HOPCIB 3 OYpOCIiUHUX Maib (BapiaHT 1), A AUISTHOK CXHUITY
30+150 M, 103BOJIsAE EKOHOMUTH Ha OeToHi Big 19,8 no 23,5%.

5. Ha BnamTyBaHHSI €JIE€MEHTIB YTPUMYIOUOi CIIOpYIM 3 ABOX psiB OypOHAOMBHHX Mallb
(BapianT 2), ansa gauisiHok cxuiny 30+150 M, HeoOxigHo Bix 3,5 mo 3,6 pa3 Ounblie apMmatypu y
MOPIBHSHHI 13 KOHCTPYKIII€I0 32 BapiaHTOM 1.

6. bl TOYHE BM3HAYCHHS €KOHOMIYHOI €(EeKTHBHOCTI BiJl 3aCTOCYBaHHS KOHCTPYKIIi y
BUTJISA1 KOHTPPOPCIB 3 OypOCIYHHUX Mallb MOKIIMBE MICHsI CKJIQJAaHHS KOIITOPUCIB HA BIAIITYBAHHS
YTPUMYIOUHX CHOPY/, 3 YpaXyBaHHSIM TE€XHOJIOT1] BUKOHAHHS POOIT.
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Abstract. Recently, there has been active construction development of territories with
difficult engineering and geological conditions. Construction on landslide and landslide-prone
slopes leads to increased loads on individual areas, which can cause activation of old or the
development of new landslides. As a result of the occurrence and activation of landslides,
unacceptable deformations are formed, which lead to a violation of the stability of the slope, as well
as the destruction of buildings and structures. Therefore, when performing construction works on
slopes, it is necessary to provide measures for engineering protection of territories, buildings and
structures located on or near slopes.

On many sites, the placement of slopes and the erection of supporting prisms, buttresses and
counterbanks is impossible. This is due to the need to observe the limits of alienation, the presence of
residential and industrial buildings. In this case, the most rational means is the installation of pile
retaining structures. They are optimal for shear strength of up to 15+20 m. If it is necessary to contain
deep landslides, bored piles are exposed to large bending moments, which leads to an increase in the
number of piles or their diameters. As a result, the volume of drilling work and consumption of
materials increases significantly. Therefore, issues of rationalization of retaining anti-slide structures
are of particular practical interest.

The paper calculation models were developed and numerical modeling of the interaction of
elements of two structures of retaining anti-slide structures with the soil massif was performed.
Numerical modeling was performed in the licensed geotechnical software complex Midas GTS NX,
which implements the finite element method. The behavior of the soil in the calculation schemes
was described by the Mohr-Coulomb elastic-plastic model. As a result of calculations of the stress-
strain state of the elements of the retaining structures compatible with the soil, the coefficients of
the reserve of stability were determined by the reduction method and the value of the internal forces
(bending moments and transverse forces) arising in the elements of the structures. The
reinforcement of the retaining elements was selected for the obtained internal forces using the
"SCAD" software complex. On the basis of a comparison of the costs of the main materials
necessary for the construction of structures, the economic feasibility of using a landslide protection
retaining structure in the form of buttresses made of bored piles has been proven.

Keywords: slope, sliding surface, landslide protection structure, bored piles, buttress,
calculation model, numerical modeling, load-bearing capacity.
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Abstract. When applying mixtures to a vertical surface, it is not always possible to use
stationary equipment. This includes scaffolding, cradles, aerial work platforms, and, for small volumes,
installation climbers. The mixture is usually applied with a roller, brush or spray gun. These methods
lead to excessive consumption of the mixture, increased work time, and often a lack of safety
precautions. Working at height is very dangerous, especially in the current environment. Therefore,
both in our country and abroad, scientists are developing new alternatives to manual, semi-manual and
mechanised methods. One of these mechanisms is automation and robotics. The task of the workers is
to control the work processes, monitor the supply of materials and replace equipment as necessary.
Such mechanisms are operated by up to three workers.

Having studied all the available information, the authors proposed to use the Portal equipment to
perform a range of works at height. It will allow you to perform work on slopes, terraces, and hard-to-
reach places. To do this, you need to make a small terrace, level the surface, mount the rails, and install
the Portal. Then, using additional mechanisms, the equipment is attached. In the first stage, augers are
used to drill a well into which the reinforcement is installed, and the concreting process is carried out
using various removable devices (winches, drills, etc.) that are attached to the Portal.

In the second stage, the ground is excavated, and the pile is exposed by 3.6 metres. In the third
stage, a wooden formwork is placed between the piles. The frame is partially attached to the pile, and
the outer side of the formwork is mounted. The concreting process is carried out sequentially. First, the
lower part is concreted, and then the upper part. In the fourth stage, the mixture is applied to the surface.

The article presents and analyses the results of laboratory studies of the operation of the Portal
equipment with a device for intensifying the injection of a flowing mixture. The following schemes
were considered when choosing the technology of mixture injection: perpendicular-straight-line,
perpendicular-circular and inclined-straight-line. The optimal combinations of layer thickness and the
angle of inclination of the nozzle axis to the surface and technological schemes of application are given.

Keywords: mixture application, automation and robotisation, Portal equipment, slope
protection, wall in the ground.
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Introduction. When applying mixtures to a vertical surface, it is not always possible to use
stationary equipment. This is primarily due to the danger of working at height. For small volumes
and small areas, installation climbers are used. There is a need to monitor both the work performed
and compliance with safety regulations. Therefore, many national and international scientists are
developing alternative equipment and methods for performing such work.

The analysis of the latest research and publications is following. In the past, the mix was
usually applied to vertical surfaces with rollers, brushes or sprayers, using scaffolding, cradles or
climbers (depending on the height of the wall enclosure). These methods were expensive, labor-
intensive and dangerous. In addition, they were life-threatening to the operator, so many domestic
and international scientists are developing alternatives to perform these tasks at a minimal cost. One
such alternative is robotisation [1].

Robotisation is progressing in the manufacturing industry. Worldwide, the popularity of
robots is growing exponentially. This growth is also accompanied by large-scale investments in
research and development in the field of robotics. In recent years, there has been a growing demand
for the use of robots and automated machines and systems in the construction process [2].

The domestic specialists and scientists engaged in this area are O.l. Meneilyuk, V.O. Halushko,
A.F. Petrovskyi, I.LA. Yemelyanova, D.O. Chaika and others [3-5] as well as foreign scientists - Scott
Peters, Mark Pivac, Markus Kayser, Nery Oxman, Joseph Paradiso, Daniela Rus, Nikita Chen-Yun-
Tali, etc. [6-8]. They are engaged in automation and robotics of production processes and mathematical
modelling for automation in various areas of industrial and construction products. With the help of
automation, you can reduce the duration of work and increase production productivity, quality and
safety of work. Based on the received information, the Portal was developed, which provides the
opportunity to perform work in automatic mode on the construction site.

The purpose and objectives of the research of this article are to develop a mechanism that
will allow performing work at altitude and slopes qualitatively and more safely.

The task of the research is to analyse the existing methods of application on a vertical surface
and offer its technology.

The materials and methods of the research are following. Currently, there are the
following ways to perform work on restoring the vertical surfaces, ref. to Table 1.

Table 1 — Ways to perform work

Use of a cost-effective method for damaged vertical surfaces
Name of the method low — height up to | middle — height from 10 high — height over 20
of work performance 10 metres to 20 metres metres
new / destruction on | new / destruction on the | new / destruction on the

the surface surface surface

From the ground
+/- - -

(preparatory work)
From scaffolds +/+ +/+ +/+
From cradles -/- -/+ -/+
From lift truck -/+ -/+ -[+
By industrial climbers -/+ +/- +/-

The analysis of the table results showed that applying the mixture to a vertical surface from
the ground will be more efficient up to 2 m, and then it is necessary to choose lift trucks,
scaffolding, and industrial climbers — depending on the volume. For surfaces with a height of 10 to
20 m, it is more efficient to use scaffolding, lift trucks and industrial climbers. For floors over 20 m,
scaffolding and lift trucks are used. This, in turn, leads to an increase in the cost of work. Therefore,
the authors developed the Portal equipment, which may be an alternative in the future.

It includes two units. The first unit is the main unit, which provides autonomous operation, and
the second unit is a semi-unit that can be extended to the first unit and cannot operate autonomously.
There may be several such semi-units depending on the length of the facility (Fig. 1).
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Fig. 1. Equipment for strengthening ground and foundations and for performing pile foundations for
strengthening slopes: a — general appearance; 6 — cross-section by "a-a" of the Portal
1 — portal; 2 —rack; 3 — connecting shelf; 4 —rail; 5 — wheel; 6 — ties; 7 — jacks; 8 — connecting bar; 9 —
semi-portal; 10 — graduated guide element; 11 — clamps to hold the auger or pile during the extension
process; 12 — hinged connection of the Portal; 13 — hinged connection of the Portal; 14 — console;
15 — brace; 16 — screw clamp; 17 — winch; 18 — trolleys;19 — lower reinforcing shelf of the anchor
element; 20 — upper reinforcing shelf of the anchor element

The Portal [9] is an autonomous frame and a half-frame, including a longitudinal span (portal) —
1; racks — 2, which are installed vertically with an inclination to ensure a more stable state, forming an
anchor element; connecting shelf — 3, which provides a rigid connection of two oppositely located end
anchor elements, and the anchor elements themselves have reinforcing shelves, respectively, lower — 4;
upper — 5; half-portal — 6.

For free movement around the work site, the Portal has wheels — 7 in the form of articulated joints
and rails — 8, which are laid on the floor. The rails — 9 can be laid on sleepers to reduce the loads — 9.

In the upper part of the Portal, at specially defined points, plates are rigidly welded on which
portable screw jacks are installed — 10. The joint operation of the main unit and the semi-unit is
ensured by a hinged connection — 11, 12 with the help of connecting strips — 13.

The Portal is equipped with a movable graduated element in the form of a toothed hemisphere
— 14, on the trolleys — 15, on which both the first block and the other block can be equipped with
devices for piling. The next step is to change the retaining wall devices. The following equipment is
attached to the Portal: grab, winch, etc.

Due to the work that can be carried out at different heights, the Portal is made in the form of
various structural elements being built up. With the help of additional mechanisms, it is
multifunctional. The device is used to intensify the injection of the flowing mixture to apply the
mixture to a vertical surface.

Holding on to the weight of the device for intensification of the fluid mixture is carried out
using grips — 16 with clamp — 17, which are attached to the console — 18 with a brace — 19.

Rigging is carried out using a winch — 17, with stops that include a ratchet wheel, shaft, pawl,
axle, spring, various types of grip, etc. These devices do not prevent the lifting of the load but
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exclude the possibility of its spontaneous descent under the influence of its weight.

For the manufacture of structures using steel alloys, following current standards for specific
elements as to the operating conditions.

The Portal works this way. For most current performing work, most often, the work is carried
out on the slopes, and a terrace is performed. After levelling the surface, the rails on which the
Portal is installed are mounted. In the first stage, using screws, drilling of the well into which the
reinforcement is installed is carried out, and the concreting process is carried out using various
detachable devices (winches, drill, etc.) that are attached to the Portal.

In the second stage, the soil is developed, and the pile is exposed by 3.6 meters. In the third
stage, a wooden formwork is arranged between the piles. The frame is partially attached to the pile,
and the outer side of the formwork is mounted. The concreting process is carried out sequentially.
First, the lower part is concreted, and then the upper part. In the fourth stage, the mixture is applied
to the surface (Fig. 2).

i . : * ine
a — drilling process b — concreting of a pile ¢ — soil development

SEW T

d — general view of piles e — concrete foundation is f — installation of internal
performed formwork and reinforcing
frame

i — general view of the
retaining wall

g — general view of the formwork

Fig. 2. Technological sequence of performing a vertical retaining wall

This Portal [9] has an advantage over well-known equipment in that:

— it provides an increase in labour productivity and complex mechanisation of production
processes, reduced capital costs, which makes it possible to increase the operational suitability of
structures;
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— the structural elements of the main supporting equipment Portal are mass-produced, which
provides installation of elements manually, without mechanisms;

— when switching to another parking lot, the entire complex of the mechanisation device does
not require dismantling and installation during operation due to the possibility of moving its
assembly along rails or additional extension of half-blocks;

— the presence of a hinge connection of the block and the half-block allows performing work
on a break;

— the combination of a block and a half-block ensures the execution of work simultaneously
on several grippers;

— due to the possibility of trailed equipment, several processes are ensured when performing a
retaining wall.

Further development of the theory and practice of modern methods of work in compressed,
space-limited conditions of operated structures and their reconstruction is achieved.

Research results. When applying the mixture to a vertical surface, the device is attached to
the gantry. The upper part of the gantry frame has fasteners that allow the nozzle to move from top
to bottom without changing the path [10].

The following is a device that can be used to perform work at height. Namely: cleaning the
surface, priming and applying the mixture (Fig. 3).

The dry mixture of the appropriate composition is fed through a branch pipe — 1, which has a
hinged ball joint — 3 or a rigid connection with a hollow shaft — 7 and further into the body — 2, on
which a forward auger — 4 and a reverse auger — 5 are freely mounted, which start to rotate in
different directions, and special spacer retainers — 6 ensure their design position, at the same time,
the hollow shaft — 7 rests on plugs — 9, which are limit cases — 2.

The dry mixture is gradually moved to the humidification zone, where water is supplied
through holes — 8, which are located on a certain section of the shaft — 7. Further, under the action
of acceleration, the moistened mixture is moved to the reverse action auger — 5, which is fed to the
corresponding part of the structure. To regulate the amount of mixture supplied, the nozzle — 10 has
a set of gate valves — 11, which are replaced and accordingly increase or decrease the opening and
the amount of mixture supplied.

At the same time, to increase the speed of feeding the appropriate mixture, the nozzle — 10 is
installed perpendicular to the axis of the hollow shaft — 7.

These technical features ensure the use of the proposed technical solution in construction
based on the following advantages:

— improved quality of intensification of the spray mixture;

— it becomes possible to adjust the quantity, and hence the speed of feeding the mixture by
using one of the gate valves;

— the operational suitability that provides such a "Device ..." compliance with the criterion
"Industrial suitability" is increased.

This goal is achieved by the fact that the utility model "Device for intensification of fluid
injection” is based on the task, which is based on the known technical solution "Device for spraying
a fluid mixture”, replacing the purpose of some elements by constructive changes and adding new
elements and ensuring their interaction. By working together, it became possible to create the
corresponding "Device..." namely, a cylindrical body limited by plugs in the centres of which a
hollow shaft is hinged or rigidly mounted, on which mixing elements are fixed, freely rotating in
different directions, and equipped with spacers, the so-called direct and reverse action, creating
conditionally active zones of activation and moistening, in a certain area in the humidification zone,
the hollow shaft has through holes and is ball-and-socket or rigidly connected to the mixture supply
pipe, and the nozzle in the form of a conical cross-section is mounted perpendicular to the axis of
the hollow shaft and is provided with a set of certain gate valves [10, 11].

New in the invention is the use of mixing elements that freely rotate in different directions
simultaneously and the placement of the nozzle perpendicular to the axis of the hollow shaft.
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a)

2,000

3,600

b)

Fig. 3. Device for intensification of fluid mixture ejection:
a— general view of the equipment; b — device; ¢ —auger; 1 — mixture supply branch pipe; 2 — body;
3 —hinged ball joint; 4 — forward auger; 5 —reverse auger; 6 — spacer retainer; 7 — hollow shaft;
8 — through-holes; 9 — plug; 10 — nozzle; 11 — gate valve

The following results were obtained during laboratory tests: the distance from the nozzle to
the vertical surface ranged from 0.8 to 1.2 m, while the amount of mixture rebound ranged from
17.2 t0 16.4%.

Based on the results obtained, a graph of the dependence of the strength of the mixture and the
number of losses on the angle of inclination of the nozzle to the surface was constructed (Fig. 4).

The analysis of Fig. 4 shows that the strength of the mixture and the number of losses depend
on the angle of inclination of the nozzle and the thickness of the layer to be placed. At a mixture
layer thickness of 50 mm and an inclination angle of 15° to 25°, the amount of losses reaches a
minimum level of 8.5 to 9.5%, and the tensile strength is between 37 and 39 MPa. In engineering
terms, this angle of inclination is optimal in terms of the criteria for assessing the strength of the
mixture with the surface and the amount of mixture loss.
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Fig. 4. Diagram of the dependence of the strength of the mixture and the number of losses on the
angle of the nozzle to the vertical surface:

1, 2 — compressive strength limit, Gy, MPa; 3, 4, 5 — quantity of losses, P, %, (3 — layer strip thickness
of 30 mm; 1, 4 — mixture layer strip thickness of 50 mm; 2, 5 — layer strip thickness of 80 mm)

The following schemes were considered when choosing the technology for supplying the
mixture: perpendicular-straight, perpendicular-circular and inclined-straight. For these schemes, the
optimal combinations of concrete mix application were selected: with perpendicular-straight —
nozzle angle 900-layer thickness 30 mm. At least two layers should be applied in a circular rotation.
This is due to the perpendicular-circular movement, as the layers are unevenly laid on the surface.
Therefore, by applying two coats, a uniform application thickness of 50 mm can be achieved. For
oblique-rectilinear movement, the optimal angle of inclination is 200 and a thickness of 80 mm. In
this case, the amount of loss is minimal. The particles of the mixture penetrate deeply into the
surface, so the maximum strength.

Table 2 shows the optimal combinations of the layer thickness and the angle of inclination of
the nozzle axis to the surface and the technological schemes of application.

Table 2 — Optimal combinations

. The angle of inclination of the
No The thickness of the nozzle from normal to the surface
: Technological schemes i
) applied layer, mm of the structure, °
1 | perpendicularly straight 30 90
2 | perpendicularly circular 50 90
3 | inclined and straight 80 20

The analysis of various methods showed that the most appropriate organisation of the
technological process of laying concrete mixture is the method of supplying concrete using the
proposed installation [9, 10]. This installation is compact and occupies a small place. This allows
you to increase productivity and perform work efficiently, as workers have the opportunity to move
freely in the room where the work is performed.
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The conclusions and prospects for further research are following. The offered "Portal"
equipment makes it possible to perform several technological processes. Namely: drilling,
installation, concreting, cleaning and application of the mixture on a vertical surface due to the
change of equipment. This will reduce the time, cost of work, improve the quality of work and
reduce the risk of workers working at height.
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?’Xopmuubka HAYiOHANIbHA HABYAbHO-peadilimayiina akaoemis
Byn1. HaykoBoro micteuka, 59, M. 3anopixks, 69017, Ykpaina

AHortauis. Ilpn HaHeceHHI cymilleil Ha BepTHKaJIbHY IIOBEPXHIO HE 3aBXKAU MOXKIHUBO
BUKOPHCTOBYBAaTH CTalllOHApHE OOJIQJHAHHS. A came: PUINTYBaHHS, JIIOJIBKW, aBTOBHUILIKH, Ta TIPH
HEBEJIMKHUX 00’ €Max 3aIpoIIylOTh MOHTKHHX aNbIIiHICTIB. HaHeceHHs CyMillli BUKOHY€EThCS 3a3BHYai
BaJIMKOM, TIeH311eM abo (apoormyasTom. Li ciocobu npu3BOAATh 10 IEPEBUTPATH CyMillli, 301TbIICHHS
TPUBAJIOCTI POOOTH, 1 YAaCTO HE AOTPHMAHHS TEXHIKM Oe3neku. BukoHyBaTé poOOTH HA BHCOTI JTyXkKe
HeOe3MeYHo, a 0COOMBO y CyJacHHX yMoBax. Tomy, sIK y Hammid KpaiHi, Tak i 3a KOPJJOHOM, BUEHI
PO3pOOIISIIOTE HOBI AJIBTEPHATUBU PYYHOMY, HAIIBPYYHOMY Ta MeXaHi30BaHOMY crocobaM. OHuM 3
TaKUX MEXaHI3MIiB € aBTOMaTHU3allis Ta poOoTH3allis. 3aBIaHHsAM POOITHUKIB 3BOJAUTHCS JI0 TOTO, 100
KOHTPOJIIOBATH MPOLIECH BUKOHAHHS POOIT, CTEKUTH 32 MOJAHHAM MaTepiady Ta B Mipy HEOOXiTHOCTI
3aMiHIOBaTH 00J1aiHaHHs. Taki MexaHi3MU 0OCIyrOBYIOTh JI0 TPhOX POOITHUKIB.

BuBuuBIIM BCIO HasiBHY 1H(OpMAILito, aBTOPH 3aIIPONOHYBAIN JJIs1 BUKOHAHHS KOMIUIEKCY poOIT
Ha BHUCOTI BHKOpUCTOBYBaTH oOmamHaHHs «[lopTam». BoHO 103BONMTH BUKOHYBaTh poOOOTH, Ha
CXWjlaX, Tepacax, BAXKKOAOCTYMHUX MiCIsiX. s mporo moTpiOHO 3poOMTH HEBETHKY Tepacy,
BUPIBHATU TMOBEPXHIO, 3SMOHTYBaTH PEHKH, Ta BCTAHOBUTH mopTail. [laii 3a J0MOMOror J0JaTKOBUX
MeXaHI3MIB KpiIUIAThCs oOnaaHaHHs. Ha nepiioMy erari 3a JOIMOMOIOr0 ITHEKIB BUKOHYIOTH OypiHHS
CBEPUIOBHHH, B SIKY BCTAHOBIIIOIOTh apMaTypy, Ta BUKOHYETHCS MPOIeC OETOHYBAHHS, 32 JIOITOMOTOI0
PI3HMX 3HIMHUX HPUCTPOIB (J1eO1akH, Oypa, Ta iHIII), SIKI KPIIIATHCS 10 MOpTaly.

Ha npyromy erami po3poOnseTsCcsi IpYHT 1 maist oronoerses Ha 3,6 merpu. Ha Tperbomy
eTani MK NaJsIMM BJIAILITOBYEThCS JepeB'ssHa onanyOka. Kapkac 4acTKoBO KpinmuThes 10 maii Ta
MOHTY€TBCSI 30BHILIHS CTOpOHA onanyOku. BukoHyeTbcs mnporec OETOHYBaHHS IMOCIIIOBHO.
CrioyaTKy HMJKHSI YaCTMHA OETOHYeEThCs, a MOTIM BepxHsA. Ha udeTBepTOoMy eTami BHKOHYETHCS
HAHECEHHsI CyMillll Ha TOBEPXHIO.

[IpuBeneni Ta mpoaHalli3oBaHl pe3yabTaTH JIA0OPATOPHUX JOCTIHKEHb pOOOTH 00JIaIHAHHS
«[Topram» 3 mpuctpoem ans iHTeHcHikamii HampucKyBaHHS Tekydoi cywimi. [Ipu BubGOpI
TEXHOJIOTIT TMoAaul CyMIIIl pPO3IJISAANUCS Takl CXEeMU: TMepHeHIUKYISIpHO-TPSAMOIIiHINHHE,
MEePIEHINKYISIPHO-KPYTOINOAIOHE Ta TOXUJIO-TIpsAMOJIiHIHe. HaBeneHo onTuManbHI TOETHAHHS
TOBILMHM LIapy Ta KyTa HaXMIIy OC1 COIJIa 1O MOBEPXHI Ta TEXHOJIOTIYHI CXEMHU HAHECEHHS.

KuarouoBi cioBa: HaHeceHHS cyMilleil, aBTomaTu3ailis Ta poOoTH3allis, oO0JiaJHAHHS
«[Toprtany, 3aXUCT CXUIiB, CTIHA B IPYHTI.

Cratta Haaiinuia o penakuii 10.05.2023
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BUMOTH IO O®POPMJIEHHS CTATEH
y 301pHUKY HAYKOBHUX ITpallb
“CyuacHe OyJiBHHIITBO Ta apXiTeKrypa”

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

1. Apxitekrypa.

2. ByniBenbHI KOHCTPYKIIIi.

3. ByniBenbHI MaTepiaiy Ta TEXHOJOTII.

4. 'igpoTexHivuHe Ta TPaHCTIOPTHE OYIIBHUITBO.

5. ImxenepHi Mepexi Ta 00aHAHHS.

6. OcHOBH Ta HyHIAMEHTH.

7. TexHozorist Ta oprasizaisi Oy iBeJIbHOTO BUPOOHHIITBA.

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

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

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

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

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

* BUCHOBKH 3 JIAHOT'O JIOCITI/KEHHS 1 TIEPCIIEKTHUBY MOIATIBIIIOTO PO3BUTKY Y TAHOMY HATIPSIMKY;

* CIIUCOK JIiTepaTypHu.

3araJjbHi BEUMOTH 10 0()OPMJICHHA TEKCTY

CratTi noJatoThCs B eNeKTpoHHOMY Burisial ¢ainom Word 97 — 2003 B ¢opmari .doc. Ha3sa
¢aily Mae MICTUTM HOMEp TEMaTHKM IyOuikaiii Ta Mpi3BUINE MEpUIOro aBTopa (HampukiIaa, S5
IBanoB.doc).

CraTTi IoAar0ThCsl YKPaiHCHKOIO UM aHTJIICHKOI0 MOBOIO 1 APYKYIOTHCSI MOBOIO OpHTiHATY.

TekcroBa 4acTMHA CTAaTTi HaOupaeThesi Ha apkymax Qopmary A4 mpudrom Times New
Roman 12 nT uepe3 oguHapHUI IHTEPBa, BUPIBHIOETHCA 110 IIMPHUHI CTOPIHKH, HOJS 1O 2 CM 3 YCIX
60kiB, ab3arHuii Biactyn — 1,0 cm. O0csr cratTi 7-16 NOBHUX CTOPiHOK Pa3oM 3 aHOTALIAMHU.

Crpykrypa crarri:

— indexkc Y/[K (BUpIBHAHO IO JIiBOMY Kparo ©Oe3 a03al[HOro BiACTYyIly, NPONHUCHUM,
HaMBXUPHUMN);

— Ha3zea cmammi (BIALEHTPOBaHa, yci JITEpHd NPOMMCHI, HAMIBXUPHI, NEPEHOCH He
JIOTTYCKaIOThCA);

— npizeuwe, iniyianu 6cix aemopis, HAyKoGUil cMyniHv, é4eHe 36aHHsa (BUPIBHSHO IO
paBOMY Kpao, MPi3BHUIIE — HAIIBXUPHUHN; CTYIIHb 1 3BaHHS — PSIIKOBHIA);

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

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

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

Texcr gpyroi aHoTalii, SKIIO BUAAHHS HE € IOBHICTIO aHTJIOMOBHHM, KOXKHA ITyOJIIKallls HE
AHTJIIHCHKOI0 MOBOIO CYITPOBOKYETHCS aHOTAIIIE€I0 aHITIMCHKOI0 MOBOIO 00csirom He MeHmn sik 1800
3HAKIB. SIKII0 BUJaHHA HE € MOBHICTIO YKPAiHOMOBHUM, KOKHA ITyOJIKaILlisl HE YKPaiHCBKOIO MOBOIO
CYIPOBOJDKYETHCS AHOTAIIEI0 YKPATHCHKOIO MOBOIO 0oOcsiroM He MeHm sik 1800 3makiB. [[pyra
aHOTAITisl PO3MIIITYETHCS B KIHII CTATTI MICIISI CIIUCKY JITepaTypH Ha aHTJINCHKii MOBI.

JIBi aHOTAIlii HOBUHHI KOPOTKO IMMOBTOPIOBATH CTPYKTYPY CTATTi, IO BKIIOYAE BBEICHHS, LiJb,
METOAMKY, pe3yJbTaTH, BACHOBOK. MalllMHHUI [TepeKIaj He 103BOIAEThCS.

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

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

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

— OcHOGHUIl mexcm cmammi.

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

— BCTyn (IIOCTaHOBKAa NpOOJeMM Yy 3arajJlbHOMY BHIVIAAI Ta ii 3B’SI30K 3 BaKJIMBUMHU
HAYKOBUMH UM NMPAKTHYHUMHU 3aBJJAaHHSIMH );

— aHaJi3 OCTaHHIX JpKepelN AOCHTIKEHb 1 MmyOsikaliid, y sSKUX 3al04aTKOBAaHO PO3B’S3aHHS
npobnemu (OGakaHo, mo0 1e OyB aHami3 ocTaHHIX myOiikamiii y ¢axoBux kypHanax) i Ha sKi
ONUPAETHCSI aBTOpP, BUJUICHHS HE pO3B'I3aHUX paHIlle YacTUH 3arajbHOi MpoOJeMH, SKUM
MPUCBAYYETHCS CTATTS;

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

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

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

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

— nimepamypa (BiIIIEHTPOBaHA, HAMIBXHUPHA; MOCHJIAHHS B TEKCTl MOJAIOTh Y KBaJpPaTHHUX
ayxkax [2]; cnucok JiTepaTypu HABOJUTHCS BiMOBIIHO MOPSIKY MOCHIaHb y TekcTi 3rigao 3 JICTY
8302:2015 Ta 3ammcyeThcsl B CTOBIMUKK, HarmmcaHHs «/[xepena indopmamii», «Ilepemik mitepaTypu»
He JJonycKaerbest). biomiorpadiunuii CliCOK HABOJUTHCS MOBOK) OPUTIHAITY Ta TPAHCITITEPYEThCS.

— oioniocpagpiunuii cnucox (References). [lnst BiATBOPEHHsS YKpaiHCHKMX BIIACHUX Ha3B
3ac00aMH aHIIHCHKOI MOBM TpH MepeKyiajai MyOmikaiii aHTIHCHKOI0 MOBOIO 3aCTOCOBYETHCS
TpaHchiTepanisi. HaliMeHyBaHHsI oprasizaifiii Ta yCTaHOB, IO HE TEPEKIAJA0ThCsl HA aHTIIHACHKY
MOBY, TaKOX TPaHCIITEPYyIOThCs. TpaHciTepallis Mpi3BUIL aBTOPIB BUKOHYETHCS 3aJI€KHO BiJ] MOBH
OpHriHay Jkepena BianoBiaHo 10 BuMor [loctanosu Kabinery MinictpiB Ykpainu Bix 27.01.2010 p.
Ne 55 «IIpo BopsaKyBaHHS TpaHCIiTepalii ykpaiHcbkoro andasity gatuHunero». bidmiorpadiunuii
CIHCOK TOBUHEH Oytu odopmiienuii 3 BukopuctanHsm ctuias |EEE STYLE srigro 3
«MDKHapOJHUM CTHJIEM LIMTYBAaHHS Ta MOCHJIAHHS B HAyKOBUX poboTtax», Kuis, 2016.

Tabauyi cnin BUKOoHyBaTH B pemakTopax Word 6e3 3anuBanHs. Koxxna tabmuiis mae OyTu
HaQ/IpyKOBaHa 3 BIAMOBIIHUM 3arojIOBKOM Ta HyMepalli€lo IMicis MepIIoro MOCHWIAHHS Ha Hei.
Hlupuna Tabivib HE NOBUHHA IMepeBHUINYyBaTH mois cropiHku. llpudt B Tabmuil mnoBUHEH
BIJIMIOBITaTH MIPUQTY CTATTI.
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@opmynu MaroTh OyTH BHKOHaHI B penmakropi ¢opmyn Equation 3.0 un MathType 3
BUKOPHUCTAHHSAM TUIbKHM 3aranbHOnpuiiHATHX MmpudTiB (Times New Roman; Symbol). Koxna
dopmyna HaOHpaeThes K OAUH 00’ €KT, Hymepalis (opMyn apabCbKuMH IU(ppaMu CrIpaBa B Ty Kax
BHUPIBHSHA I10 IIUPHHI CTOPIHKH.

Pucynku (nmiarpamu, (oTo), MOAAIOTHCS y HYOPHO-OUIOMY, KOJHLOPOBOMY BapiaHTi abo y
rpajiallisix Ciporo KOJbOpy MiCJs MEPIIOTro MOCUIAHHS Ha HUX; MalOTh OyTH 3TPYINOBaHi Ta SBISATH
co0or0 oauH rpadiuyHuii 00’ €KT; MaTH HyMEpalilo Ta MiANKC MO3HAYeHHS 0Ch KoopauHat. Po3mipu
MIJIMKMCIB HA pUCYHKY MOBUHHI BiamoBigatu mipudty Times New Roman 12 mr.

Pa3om 3i cTarTero nogaTLC:

— BIIOMOCTI TIpo aBTopa (aBTOpChKA JIOBijAKa): Mpi3BUIIE, iM s, O OaTHKOBI (TIOBHICTIO);
BUCHE 3BaHHS, BUCHHMI CTYIIIHb, 1I0Ca/a, Miclle pOOOTH; KOHTaKTHI aJpecu W TenaedOoHH; MOIITOBA
azipeca, Ha SIKy HaJICUJIaTH IPUMIPHUK 30ipHHKA

— peIeH3is Ha CTaTTIO, SKIIO0 aBTOPOM € acmipaHT Oe3 CITBAaBTOPIB 3 BYCHHUM CTYIICHEM Ta
BUYCHUM 3BaHHSIM.

Crarri, sIKi He BIINOBIIAIOTH HABEACEHUM BUMOIaM, 10 PO3IJIsiAy He IPUHMAKThCS.

[Tomani MaTepiany MiUIATal0Th JO0JaTKOBOMY PEIICH3yBaHHIO WIEHAMH PEJKOJerii a0o mpoBiAHUMHU
¢daxiBusMH 3a HAYKOBHMH HalpsMaMH, TOMY MOXYTh OYyTH TIOBEpHEHI aBTOpaM Ha
JOOTIPAIFOBAHHS.

OcrartouHe pimeHHs o0 MyOTiKamii CTaTTi mpuiiMae peaKiiiifHa KoJerist BUJaHHS.
BinxwuieHnii opuriHal He IOBEPTAETHCA.
Omutara 311HCHIOETHCS TUTBKH MiCTS MIATBEPAKEHHS IPUUHSTTA CTaTTi 10 IPYKY.

Bapricte myOmikamii crarti 1100 rpu. 36ipHuK BUXOIUTh 4 pa3u Ha PiK MIOKBApTaIbHO, B KiHIII
KO>KHOro kBapraity. CtaTTi HEOOX1IHO HaJCcUiaTh N0 | yucia OCTaHHBOTO KBapTayly (HampuKial,
AKIIO 30IpHUK BUXOAWTH B KIHIII YEPBHS, TO CTATTI NpUHAMArOThCA 10 1 depBHs). Aye mpuiioMm
cTareil MOXKe 3aKIHUMTHCh paHillle BKa3aHOTO TEPMIHY, AKIIO OyJae HaOpaHO HEOOXiHY KUIbKICTh
CTOPIHOK.

MarepiaJn HaICHJIATH 32 apPecolo:

Penakuia «CydacHe OyAIBHUITBO Ta apXiTEKTypa»
Opnecpka epkaBHa akajieMis OyIIBHUITBA Ta apXiTEKTYpH,
Byn. dinpuxcona, 4

M. Oneca, 65029, Ykpaina

KonTaktHa ocoba: AntoHtok Haznist PomaniBHa

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

e-mail: visnuk_odaba@ogasa.org.ua

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

ITnarixkui pexkBizuTH:

Hentp HTTM no AB, xox 21028281,

M®O 320478, P/p UA 103204780000026009924861812 B I[TAT Ab «Ykprazoank»,
IIpuznavenns niarexy: «CydacHe OyAiBHUITBO Ta apxiTekrypa, [1Ib nepmioro aBropa»

IIpocumo micnst BiAmpaBlieHHS MarepiaidiB 00OB’SI3KOBO 3arenedoHyBaTH abo 3B’sA3aTHCH
€JIEKTPOHHOIO MOMITOIO, 11100 YIEBHUTHUCS B OTPUMaHH1 MaTepiajiiB Ta pillleHH1 pelaKIiiiHOi Koierii
1010 My O TiKaIii cTarTi.
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Hayxose suoarms

CYYACHE BYIIBHUIITBO TA APXITEKTYPA

3bIPHUK HAYKOBUX ITPAIlb

Bumyck Ne 4
yepBenb 2023

I"onoBHMit penakTop Buposoii B.M.

Texniununii pegaktop Awmonrok H.P.

[Tianucano no apyky 15.06.2023 p.
dopmar 60x84/8. [Mamip odcernwmii. ['apHiTypa Times.

[udposwuii npyk. YM.-apyk. apk. 14,4
Haxnax 100 mpum. 3am. Ne20-29E

Bunasenp 1 BUTOTOBIIOBAY:
Opecbka aep:kaBHa akajaeMisi OyAiBHMITBA Ta apXiTeKTypH
Ceinourso JIK Ne 4515 Bin 01.04.2013 p.
VYkpaina, 65029, m. Oneca, Byin. Jliapixcona, 4.
tein. (048) 729-85-34, e-mail: rio@ogasa.org.ua

HaapykoBaHo B aBTOpCHKil pefakilii 3 TOTOBOTO OpPHUTiHAT-MaKeTy
B peAakuiiHo-BunaBarnaomMy Biaim OJJABA





