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VOLUME-PLANNING SOLUTIONS OF PRE-SCHOOL EDUCATION INSTITUTIONS
WITH PLACEMENT OF SHELTERS

Zhydkova T.V., Ph.D., Associate Professor,
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National Aviation University

L. Huzara Avenue, 1, Kyiv, 03058, Ukraine

Abstract. The article highlights one of the most pressing problems of today — the protection
of children in educational institutions. The author analyzes the main requirements of the current
legislative and regulatory documentation on the protection of children in preschool education
institutions during military operations; recommendations of the State Emergency Service; the main
provisions of the concept of security of educational institutions.

The purpose of this study is to develop proposals for the placement of protected premises in
preschool institutions, which will ensure the maximum possible safety, physical and psychological
comfort of staying in a protected space in these conditions.

Proposals have been developed to change approaches to the space-planning solutions of
preschool buildings with the arrangement of protected rooms in the middle span of the building,
which will ensure the maximum possible safety, physical and psychological comfort of staying in a
protected space.

The possibility of using the bedrooms of a kindergarten as a shelter is substantiated.

A comparative analysis of regulatory requirements for insolation and energy saving in
preschool educational institutions is carried out. It is emphasized that there is a mismatch between
the requirements of these requirements and the safety of existing premises of preschool institutions.

Proposals for new building codes for the protection of children in educational institutions,
including the area of the premises per child, recommendations for the use of these premises in
peacetime, and the composition of furniture and equipment, are analyzed.

If these proposals are adopted, which include the use of bedrooms as permanent premises in
the protected part of the building, as well as ensuring the optimal ratio of energy saving and
insolation requirements, architects will have to completely revise their approach to the space-
planning solutions for kindergartens.

The new space-planning solutions will make preschool buildings more compact, which will
provide energy savings, and most importantly, there will be rooms in the middle part of the building
that will be enclosed by at least two main walls and, with appropriate structural strength, can be
used as shelters.

The results of the research can be used in practice in the construction of shelters in
preschools.

Keywords: kindergarten, protected premises, space-planning solutions, current building
codes, insolation, energy saving.

Introduction. Already in the first months of the war, it became clear that educational
institutions were one of the priority targets of missile strikes. Russian troops are destroying schools
and universities, kindergartens and orphanages. The attacks are carried out with operational and
tactical missiles, causing significant damage to buildings. According to the Ministry of Education
and Science, as of the beginning of June, 3450 educational institutions were damaged by bombing
and shelling, and 331 of them were completely destroyed. This disaster has not spared any region of
Ukraine (Fig. 1) [11].

Modern construction and architecture, 2023, no. 5, page 9-15
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The mass deaths of children in educational institutions were avoided only because
kindergartens were not open. After more than a year of war, we realized that life had changed
forever and that we would not be safe for decades to come. From time to time, the situation will
escalate, the enemy will accumulate forces and use missile attacks to destroy the population of
Ukraine again.

Therefore, ensuring proper conditions for education and organizing a safe educational
environment is the most pressing issue of our time.

Analysis of recent research and publications. The main provisions for protecting the
population of Ukraine from military operations are clearly defined in legislation and regulations. The
Civil Protection Code of Ukraine contains a list of facilities intended to protect the population. In
accordance with the law, regulatory documents define the requirements for protective structures [3, 5].

In December 2021, the Institute for Public Administration and Research in Civil Protection
published the State Emergency Service's guidelines "Organization of Sheltering the Population in
the Civil Protection Facilities Fund". These recommendations additionally confirm the main
provisions of the existing regulatory documentation [6].

In July 2022, the State Emergency Service of Ukraine published recommendations on the
organization of shelter in the facilities of the fund of civil protection structures for personnel and
children of educational institutions [8].

On April 7, 2023, the government adopted the Concept of Security of Educational
Institutions, which contains a comprehensive strategic vision for creating a safe educational
environment. The concept is based on the premise that every Ukrainian child should have access to
quality education while staying in the facilities of the protective facilities fund [9].

The goal and objectives are to develop proposals for the placement of protected premises
within the buildings of preschool institutions.

To achieve this goal, the following tasks were set:

— to analyze regulatory requirements, methodological documentation, recommendations of
the State Emergency Service and orders of the Cabinet of Ministers on the safety of educational
institutions;

— to consider options for the placement of protective premises in preschool education
institutions that will ensure the maximum possible safety, physical and psychological comfort of
staying in a protected space.

Modern construction and architecture, 2023, no. 5, page 9-15
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Research methodology. The following methods were used in the study: collection of
information, study of regulatory documentation, analysis of the materials obtained and their
systematization, comparative analysis of typological developments of space-planning solutions and
project documentation for preschool education institutions.

Research results. The requirements of current legislative and regulatory documentation [3, 5],
recommendations of the State Emergency Service [1, 6, 8], the main provisions of the concept of
safety of educational institutions [7], as well as the norms that establish requirements for the design and
construction of new and reconstruction of existing buildings of preschool education institutions [2]
were analyzed.

Today, the process of creating new modern building codes to protect civilians, including in
educational institutions, is underway.

According to the proposals to be included in the new State Building Standards, it is
recommended that shelters for educational institutions be designed in the basement of the building
or separately located in the underground space.

When no shelter is needed, these premises should be used to meet the needs of the educational
institution, namely for creative studios, for club work with children, for parental education, for civil
protection training with participants in the educational process and for practicing emergency
algorithms, etc.

At the same time, the room should be equipped with bunk beds, children's tables and chairs,
toy cabinets, shoe racks, etc. All this equipment has nothing to do with the use of the premises in
peacetime.

Therefore, it turns out that a kindergarten should have two sets of this furniture for use in
peacetime (the period between the intensification of armed aggression) and separately for shelter, as
well as an additional storage room where all this should be stored. During a prolonged alert,
employees should have time to remove the room's equipment (tables and chairs for adults, art studio
equipment, etc.) and place children's beds and chairs.

It should be emphasized that, according to these recommendations, a kindergarten should
have two sets of furniture, including children's beds — in bedrooms and in shelters.

The right decision is to use safe spaces for their main function. A safe space can be not only a
separately built protective structure, but also a kindergarten bedroom located in the basement or
middle section of the house. In this case, it is only necessary to reinforce the walls and ceilings of
the room, which already has some protection "between the two walls" (Fig. 2).

The degree of protection of children in such a room will be not lower, but even higher than in
a free-standing shelter due to the reflectivity of the building structures.

If it is impossible to place a shelter in an underground space, in case of a high groundwater
level or in a catastrophic flood zone, the proposed solution may be the only way to ensure the
protection of children.

An analysis of the regulatory requirements for the main premises of preschools specified in
the current building codes showed that the area of bedrooms should be 2.4-2.5 m? per child,
depending on the category of preschool education institutions [2].

At the same time, when working on the main provisions of the new state building codes,
experts determined the minimum area of the main premises for preschool institutions within 3.0 m?
per person in protective structures for new construction and 2.0 m? for reconstruction. As it turned
out, these figures coincide with the standard for the area of sleeping rooms.

Modern construction and architecture, 2023, no. 5, page 9-15
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Symbols

Group, game, changing rooms
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Hall of music and physical
education classes

Fig. 2. Schematic diagram of the location of a shelter in preschools

The shelter should be equipped with bunk beds or transforming beds, chairs and tables for
100% of the children. Additionally, it is recommended to provide a play area, a toy closet and a
shoe rack.

In accordance with the requirements of the Ministry of Education and Science, the main room
of the shelter should have a rest area with children's beds, a play area with a carpet with toys, and a
study area with tables and chairs.

We developed and analyzed options for the placement of this furniture within the main
premises of the shelter when using three-tiered transformer beds.

In accordance with the requirements of the Ministry of Education and Science, the main room
of the shelter should be divided into blocks of 60 children with the arrangement of furniture that
should be equipped in such a room. A block for 60 children contains 3 groups of 20 children each).
The area of the main room per group of children should be 60 m? at the rate of 3.0 m? per child.

If transforming beds are used, this area is sufficient to accommodate sleeping places and
space for games, creativity and learning (Fig. 3).

Thus, children's bedrooms with transforming furniture can be a safe space in preschools.
During an air raid, if children are resting at this time, they will not even hear the sounds of
explosions, while at other times bedrooms can quickly turn into playrooms (Fig. 3).

Modern construction and architecture, 2023, no. 5, page 9-15
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Fig. 3. Arrangement of a fragment of the shelter:
a — during daytime rest; b — during games and studying

Thus, children's bedrooms with "transformer” furniture can be a safe space in preschools.
During an air raid, if children are resting at this time, they will not even hear the sounds of
explosions, while at other times bedrooms can quickly turn into playrooms (Fig. 3).

If such a solution is adopted, the bedrooms that are also shelters will not have external
lighting, but, in our opinion, it is not necessary for bedrooms to have good enough ventilation.

The only obstacle to this solution is the requirements for insolation and natural light. The
requirements of the sanitary regulations for preschool educational institutions determine the need
for natural light for the main premises of preschool educational institutions, while the list of these
premises does not include bedrooms [10].

The current building codes require at least three hours of continuous sun exposure per day for
bedrooms [2].

The analysis of the layout of existing preschool buildings has shown that these buildings have
a rather large area of external walls, which significantly exceeds the requirements of the calculated
building compactness index, which is determined by the ratio of the total area of the internal
surfaces of the external envelope of the building envelope to the volume of the building that is
heated or cooled. This indicator is important in determining the degree of energy saving of a
building [4].

The area of window openings is much larger than necessary to meet the regulatory
requirements for lighting and insolation. In terms of safety during missile strikes, the large windows
and single-bay buildings of the main premises of the kindergarten make them very vulnerable.
Therefore, it is necessary to harmonize the requirements for insolation, energy saving and safety of
kindergarten premises.

If these proposals are accepted, regarding the use of bedrooms as permanent premises in the
protected part of the building, as well as ensuring the optimal ratio of energy saving and insolation
requirements, architects will have to completely revise the approach to the space-planning solutions
of kindergartens. New space-planning solutions will make preschool buildings more compact,
which, first of all, will provide energy savings, and most importantly, there will be rooms in the
middle part of the building that will be enclosed by at least two main walls and, with appropriate
structural strength, can be used as shelters.
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Conclusions.

Proposals have been developed to change approaches to the space-planning solutions of
preschool educational institutions with the arrangement of protected rooms in the middle span of the
building, which will ensure the maximum possible safety, physical and psychological comfort of
staying in a protected space under these conditions.

A comparative analysis of the regulatory requirements for insolation and energy saving in
preschool educational institutions was conducted.

If these proposals for the use of bedrooms as permanent premises in the protected part of the
building are adopted, as well as ensuring the optimal ratio of energy saving and insolation
requirements, architects will have to completely revise the approach to the space-planning solutions
of kindergartens. The new space-planning solutions will make preschool buildings more compact,
which, first of all, will provide energy savings, and most importantly, there will be rooms in the
middle part of the building that will be enclosed by at least two main walls and, with appropriate
structural strength, can be used as shelters.
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OB’EMHO-IVIAHYBAJIbHI PIIIEHHS 3AKJIAIIB JOIIKLJIbHOI OCBITH
3 POBSMIIIEHHAM YKPUTTIB

Kuakosa T.B., K.T.H., IOLICHT,
tavlz@ukr.net, ORCID: 0000-0001-7903-7073
Hayionanvnuii agiayitinuti ynieepcumem
npocnekt JI. I'y3apa, 1, Kuis, 03058, Ykpaina

AHoOTaliAg. Y cTaTTi BUCBITICHO OJHY 3 HalaKTyaJbHIIIUX IPOOJIEM ChOIOACHHS — 3aXUCT
JiTel B 3akiaaax ocBiTU. [IpoaHani3oBaHO OCHOBHI BUMOTH YMHHOI 3aKOHOAABYO1 Ta HOPMATHUBHOI
JOKYMEHTaIlli, MI0A0 3aXUCTy MiTe B 3akKiagax JOMIKUIBHOI OCBITH IIiJI YaCc BOEHHHX Iii;
pexomennanii Jlep:kaBHOI ciayOW 3 HaI3BHYAHUX CUTYaIliif; OCHOBHI MOJIO)KCHHS KOHIICTIIIIi
Oe3IeKH 3aKJIafiB OCBITH.

MeTor JaHOrO JOCHTIDKEHHS € pO3po0Ka TPOMO3WINKA MIOA0 PO3MIIICHHS 3aXUIICHUX
IPUMILIEHb B JAUTAYMX JOLIKUIBHUX 3aKiajax, siki 3a0e3ledaTs MakKCUMalbHO MOXJIUBY B IIMX
yMoBax 0e3neKy, i34y Ta ICUXO0JIOTIYHY KOM(POPTHICTh IepeOyBaHHS B 3aXHIEHOMY IIPOCTOPI.

Po3pobrieno nmpomo3uiii moA0 3MiHU MiIXOIB A0 00’ €MHO-TIJIaHYBaJIbHUX PillleHb OYIUHKIB
JOMIKUTBHUX 3aKJIaiB OCBITH 3 BIAIITYBAaHHSM 3aXWIICHUX NPHUMIIIEHb B CEPEAHBOMY IPOTOHI
OyauHKY, 3a0€3MeYnTh MAaKCUMAIbHO MOXJIUBY B LIUX YMOBax Oe3neky, Gpi3uyHy Ta NCUXOJIOTIYHY
KOM(OPTHICT IepeOyBaHHS B 3aXHUIICHOMY IPOCTOPI.

OOrpyHTOBaHO MOYJIMBICTh BUKOPUCTAHHS MiJl YKPUTTS CHAJbHUX KIMHAT AUTAYOIO CaJIOUKY.

[IpoBeneHo  TMOpIBHAJMBHMI ~ aHANi3 HOPMAaTHBHHX  BHUMOT  IOJO  IHCONAIIl  Ta
€HEepProoula/UKeHHs B JOMIKUIBHUX 3aKjafax ocBiTH. HaronomeHo Ha HEBIANOBITHOCTI 3a3HAYCHUX
BUMOT ¥ 0€3MEeKH HAssBHUX MPUMILICHb JUTAYMX JOIIKUTBHUX 3aKJIaliB.

[IpoananizoBaHO MPOMO3UIT 10 HOBUX OyIIBETBHUX HOPM, IIOAO 3aXHCTy JITEH B 3aKiIaaax
OCBITH, 30KpeMa IUIONly NPHUMINICHHS 3 pO3paxyHKy Ha OJHY IUTHHY, PEKOMEHJallli, 1010
BUKOPUCTaHHA IIUX NPUMIIIEHb B MUPHHUIA Yac, CKia] MeOJIiB Ta 00J1aIHaHHSL.

B pa3i npudHATTA 3a3HaYEHUX MPONO3MIIM, IIOJ0 BUKOPUCTAHHS CHAJbHUX KIMHAT $K
IPUMIILIEHb MOCTIHHOIO NpPU3HAYEHHS B 3aXMIICHIH YacTUHI OyaUHKY, a TakoX 3a0e3ledeHHs
ONTUMAJILHOTO CITIBBITHOIIEHHS BUMOT €HEPrOOIIAKEHHS M 1HCOJIAIII, apXITEeKTOpaM J1I0BEEThCS
MOBHICTIO NEPErsHYTH MiX1/J 10 00’ €MHO-TNIaHYBAJIbHUX PIlIEHb TUTIYUX CAT0UKIB.

HoBi 00’ eMHO-TUTaHyBaIbHI1 pillIeHHS 3p00JIsATh OYIMHKY JOMIKIIBHUX 3aKJIa(IB OCBITH OLIBII
KOMIIAKTHUMH, L0 3a0€3MeYUTh EHEepProola/UKeHHs, a TOJOBHE, 3 ABIATbCS MNPUMILIEHHS B
CepeNHHIN YacTHHI OYyAMHKY, $KI OyqyTh OrOpOJKEHI ILIOHAWMEHIIEe JBOMa KamiTaJbHUMHU
CTIHaMU ¥, IpY BIAMOBIAHINA MIITHOCTI KOHCTPYKIIiH, 3MOKYTh BUKOPUCTOBYBATUCH SIK YKPHUTTS.

Pe3ynbratu mocnikeHb MOXKYTh OyTH BUKOPHCTAHI Ha MPaKTHUIL NPHU BJIAIITYBAaHHI YKPUTTS
B AUTSAYMX JOIIKUIBHUX 3aKiIa1ax.

KurouoBi cjoBa: 1uTAYMN OMIKUTBHUN 3aKJIaJl, 3aXWINEHI NPHUMIMICHHS, 00'€eMHO-
TUTaHYBaJIbHI PIIIEHHS, YUHHI OyAiBeNbHI HOPMH, 1HCOJIALIS, EHEPTOOIIA/PKEHHS.

Crarrsa Hagiiinuia o penakmii 14.07.2023
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KOMILITEKCHHMI AHAJII3 TA OIIIHKA TEPUTOPIN MICTA SIK IEPIIIOYEPTOBE
BU3HAYEHHSA IOTPEB IS ®OPMYBAHHA KOM®OPTHOI'O TA BE3IIEYHOI'O
MICBKOI'O ITPOCTOPY

'"Huxunk O.B., 1.T.H., npodecop,

alnyzhnyk@gmail.com, ORCID: 0000-0002-2672-1987

3aaabuuii O.B., k.1.H., mpodecop,
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1Xap7<iecb7<uii HayioHanbHUll YHigepcumem micokoco eocnooapcmesa im. O.M. bexemosa
ByI. M. Baxxanoga, 17, m. Xapkis, 61002, Ykpaina

AHoTanisg. PopMyBaHHS MICBKOTO MPOCTOPY, fAKE B eKcIUTyaTamii € KOMGpOPTHUM Ta
Oe3reyHuM JJI1 HOTO KOPHUCTYBayiB — HaWBHUINA MeTa CydacHOi MicToOyaiBHOiI Hayku. [licis
aHaJi3y ICHYIOYHMX INPaKTHK IUIAHYBaHHS OyJI0 BCTAHOBJICHO, IO MEPIIOYEPTOBOIO MEPETYMOBOIO
(dbopMyBaHHSI MICBKOTO MPOCTOPY € BU3HAUEHHS MOTPEO MICLIEBOCTI, SIKI BCTAHOBIIOIOTHCS MICIS
KOMIUIEKCHUX aHaJIi3iB Ta OIIHKHU TepuTopiii. Came MOTpeOr BU3HAYAIOTH HAIPSM IX PO3BUTKY.

B naniii poOoTi po3risHyTI iCHYIOUlI METOAM aHali3y Ta OLIHKKA TEPUTOpid, Ta BU3HAYEHI iX
XapaKTepHi O3HAKH, SIKI MOTPEOYIOTh aHANI3y Ta OLIHKH JUISi BCTAHOBJICHHS OUIBII YITKHUX MiH JUIS
MOKpalleHHs mpocTopy. B naHiil crarTi Oyia0 10CTKEHO MUTaHHS LIOA0 KOMILJIEKCHOIO aHalli3y Ta
OLIIHKHM TEPUTOPIK MicTa, Ta iX BIUTUB Ha (GopMyBaHHA, peOPMYBaHHS Ta PEKOHCTPYKIIi MiCBKOTO
npocropy. Lo naHoro nocmimkeHHs Oyna cucTeMaTu3allisl 3HaHb 11010 aHaJli3y Ta OIIHKH MICBKUX
Teputopiii. Ha 6a3i BusiBieHHX mpoOiieM BiOYyBA€THCS BCTAHOBJICHHS MEPEAYMOB sl (POPMyBaHHS
KOM(OPTHOTO MICBKOTO TIPOCTOPY JJIS BCIX PIBHIB MOTPeO HOro MEIIKaHIliB Ta KOPUCTYBAUiB.

B cydacHomy MicTi BimOyBaeThcs ©OaraTo IPOIECIB OAHOYACHO, SKi BIUIMBAIOTH Ha
(GYHKI[IOHANPHUN TOMUT TEPUTOPI  BIANOBIAHO [0 JOMIHYIOUMX [JiSUIBHOCTEH Ha HHX.
CdhopmynpoBaHi 4iTKi MiCTOOYAIBHI 3amadi JUIsl PIMICHHS JONOMAraroTh: 30€perTH MO3WTHUBHI Ta
3MIHUTH HETaTHBHI XapaKTEPUCTUKU MICBKOTO HPOCTOpPY, B3ATH A0 yBaru MHOIVISIM MICLEBHX
KUTEIIB Ta KOPHUCTYBaudiB MPOCTOPY, MpoaHali3yBaTH 1HBECTULINHI MOKJIMBOCTI, BIIEPII 3a BCE,
IUI PO3YMIHHS MaTepiajibHUX MEPCHEKTHB MiCLIEBOCTEH.

KomniexkcHuii aHaii3 Ta oLiHKa TEPUTOPIN MICTA JO3BOJISIE BUSBUTH MPpoOsieMH abo KOH(IIKTHI
CHUTYyallii y MICBKOMY IPOCTOpi, sIKI HETATUBHO BIUIMBAIOTh Ha HOTO (DYHKIIOHYBAaHHS, PO3BUTOK Ta
KOMQOPTHICTb. 3a3BMYail BHU3HAYEHHS KOM(OPTHOCTI MICTa BM3HAYAIOTh SIK OKPEMHH KpHUTEpii
OLIIHKH, ajleé Ha JAYMKY aBTOpa, came (OopMyBaHHS KOM(pOPTHOI'O MICHKOTO MPOCTOPY 1 € TOJOBHUM
3aBJaHHAM JUIs ypOaHICTIB, sIKE BKJIIOYaEe B ceOe Oarato KpuUTepliB, 10 3a0e3MeUyl0Th OE3MEUHICTb,
€KOJIOT1YHICTb, IIGHTUYHICTh Ta CY4aCHICTbh POCTOPY BIAMOBIIHO /10 HOTPeO MICIIEBOI IpoMaIH.

B pesynbrari HayKoOBOTO IOCIHIKEHHS OyJIO BCTaHOBJICHO, IO JOMOBHEHHS ICHYIOUUX
NPAaKTUK 1 METOJUK aHajli3y Ta OLIHKM MICBKOIO MPOCTOPY BIAMOBIIHO /10 Cy4acHHX MOTped
MICTOOY/IyBaHHSI J1I03BOJIMTH OUIBII SKICHO Ta akTyajdbHO (pOpMyBaTH TOH MPOCTIp MICTa, SKHM
HEOOX1JHHI MEIIKAHIII0 Ta HOTro KOPUCTYyBady.

Kuio4oBi ci10Ba: MiChbKUl MPOCTIP, KOMIUIEKCHUHN aHai3, IHTeTpaJibHA OIIHKA, 1HIAEKC SKOCTI1
MICBKOTO ITPOCTOPY, (hopMyBaHHS TEPUTOPiH MicTa, KOMPOPTHICTH MICBKOT'O IIPOCTOPY.

Beryn. XKuttst y Oyzap-skomy ypOaHi30BaHOMY MpOCTOpI Mae€ psii SIK MO3UTHBHUX, TakK 1
HEeraTuBHMUX ocoOnuBocTell. B naHiif cTarTi, po3risHYTI aCleKTH IpU BCTAHOBJIEHHI MEPEyMOB J10
¢dopmyBaHHS KOM(pOPTHOTO 1 MichKOro mpoctopy. CaMe MOBHO BHU3HAU€HI XapaKTEPUCTUKU
TEPUTOPII MicTa MpPU iX KOMIUIEKCHOMY aHadi3l Ta OLIHLI OOIPYHTOBYIOTh IEpIIOYEpProBi
nepeayMoBu ais (popMmyBaHHS, pedopMyBaHHS ab0 MOBHOI PEKOHCTPYKILII MICBKOIO MPOCTOPY B
3aJIEKHOCTI Big moTped mpoctopy. Came mpoaHami3yBaBIIM Ta OLIHWBIIM CTaH, BU3HAYHMBIIH
NEPCHEKTUBH PO3BUTKY — 1€ JACTh 3MOIY SIKICHO Ta MpPaKTUYHO COpPMYBaTH 3aBJIaHHS Ha
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NPOEKTYBAHHS IUIAHOBaHOI MicueBocTi. be3 uwiTkoro 3aBgaHHA 1 MOKPOKOBHM PILICHHAM
MICTOOYIIBHUX MpoOJIeM, sKi Oe3mocepe/lHbO BIUIMBAIOTh HA KOM(OPTHICTH MICBKOTO TPOCTOPY,
(dbopMyBaHHS MICBKUX TEpUTOPii Oy/e HE MOBHUM Ta HE SKICHUM. Tomy (opmMyItoBaHHS YiTKHX
3aja4 Juid pilIeHHs Nepej MM0YaTKOM IUIaHYBAaHHS TEpUTOPIM € came BU3HAUYEHHS NO3UTHUBHUX Ta
HETaTUBHHUX XapaKTEPUCTHK MICBKOTO MPOCTOPY, MOTJISAIB MICIEBHX XHTEIIB Ta KOPUCTYBadiB
MPOCTOPY 1 IHBECTUIIIHHUX MOKIIMBOCTEH ISl pO3YMIHHS MaTepiajJbHUX MEPCIIEKTUB MiCIICBOCTEH.

AHAJI3 OCTaHHIX AocCHiIKeHb. AHami30M mpoOiieM (GOpMyBaHHS MICT Ta IX TEPUTOPIH,
IUTAHYBAJILHOI OpraHizaiii Ta OIIHKOK SKOCTI MICBKOTO IPOCTOPY 3alMauch OaraTo BYCHHX
ypOanicrtiB. B maniit poboti Oynu mpoaHaiizoBaHi IesKi poOOTH, sKi 6e3M0cepeIHHO MAKOTh BIUIMB Ha
BHU3HAYCHHSI KOM(POPTHOCTI MiCBKOTO TIPOCTOPY, & 0COOIMBO HOTO aHai3y Ta OI[IHKH.

Ha skicte aHamizy Ta TOBHOTY OIIIHKH MICBKOTO IPOCTOPY BIUIMBAIOTH 0arato (hakTopis.
MicpKkuit TIpocTip — LIe JWHAMIYHA CHUCTEMa, SKa IMOCTIHHO 3MIHIOETHCS IIiJI BIUTMBOM JIOMIHYFOUHMX
YMHHUKIB. BIUIMB COMIaTbHO-SKOHOMIYHUX YHHHUKIB HAa MICTOOYIBHI TMpOIECH BiOOpaKaeThCs
CHCTEMOIO 3aB’s3KIB IIPUKJIA/IAHHS Ipalll Ta CEJUIHUX 30H, iX 3B'I30K MDK HUMU Ta TEPUTOPIATIbHUMU
0COOJIMBOCTSIMH, IO JIETAJILHO OYJI0 pO3MIIIHYTO B po0oTi M. M. JIpoMmiHa.

B po6ori [10] y3arampHeHi MoOmedi €CTETHMYHOIO CIPUHHATTA 1 I1X IHTEpIperarii o0
CIIPUUHATTS MICBKOTO cepefioBHIa. B HaykoBiii poOoti [4] neranbHO BUCBITICHI COIIOJNOTIYHI
MiIXOAW A0 BUBYEHHS MICBKOTO MPOCTOPY, SKI OynM IpoaHalli3oBaHi B ICTOPUYHIN MEPCHEKTUBI.
ABTOpOoM poOoTH Oyn0 3ampONOHOBAHO BHUKOPHUCTOBYBATHM KOMIUIEKCHHUH MIiAXiZ A0 aHamizy
CY4aCHOT'0 MICTa, OCHOBOIO SIKOT'O € aHaJli3 COPUHHATTS MEIIKAaHIIMH MICLIEBOCTI.

B monorpadii [2] po3risHyTe MiChKE CEpeAOBHIIE SK MICTOOYIiBHA CHCTEMa, SIKa BKIIIOYAE
30BHILIHI 1 BHYTPIIIHI PYHKIII Ta iX y3roKeHHs M c00010. ABTOpOM OYJI0 BU3HAUYEHO I1’ATh BUMIPIB
Taki sak: L — moxacekuii, P — dynakuionansamii, X — ymoBu, G — reomerpuunnii, T — gacoBuid. Koxxen 3
BUMIpIB € 0araTOKOMIIOHEHTHUM 1 TOJUISIOThCA Ha CKIIQJIOBI 3aJ€XKHO BiJ| l€epapXii MpoCTopy Ta
XapakTepy MiCTOOymiBHUX 3aBAaHb. (CaMe Taka MicTOOyIiBHA MOJETh 3MOXKE IPHHIIUIIOBO
pedopmyBati iHpopmaliiiHy 6a3y MicTOOyTyBaHHS, CTPYKTYpPYBaTH il miJ MiCTOOY/iBHI 3aBJIaHHS Ta
Opi€HTYBaTH Ha BUKOPHCTAHHS KOMIT FOTEPHHUX TEXHOJIOT1H 32 aHAJIOTI€I0 3 IM(POBUMH KapTaMu.

B mownorpadii [11] BHCBiT/IEHI TeopeTHYHI 3acajy OLIHKM IUIAHYBAJbHHX pillleHb Ha 0a3i
pO3MUpeHoi CUCTeMH MicTOOYIIBHUX KpPHUTEPiiB 3a O3HAKaMH €()EeKTHBHOCTI, IHTEHCHBHOCTI Ta
KepOBaHOCTI 3a0ynoBor0. bynau pO3KPUTTI MNUTaHHS BUSBICHHS KOHQIIKTHHX 30H Ta
(G YHKIIOHATILHO-TIPOCTOPOBOi opraHizauii Micta. Came Takuil onuc (PpyHKIIOHAIBHO-TUIAHYBAJIbHOI
ONTUMI3allil BUKOPUCTAHHSA MICBKUX TEPHUTOpPIH JaB 3MOTY BHSBIISTH BHU3HA4YaTH MICTOOYAIBHI
PIIIEHHS U1l TOKpAIIeHHsI KOM(OPTHOCTI MICHKOT'O ITPOCTOPY JUIs BCIX PIBHIB MOTPED.

JletanbHo B po0oTi [3] Oyau MOCHIZOBHO PO3MIISHYTI TEOPETHYHI OCHOBH (HOPMYBAHHS
MICTOOY/IIBHOTO KagacTpy abo MicToOyaiBHOTO OaHKy gaHux. Came Takuil MOTJISA Ta OpraHi3allis
CTPYKTYpHU cUCTeMH 1H(opMariiiHoro 3a0e3nedeHHs: MiCTOOYAIBHOI JisSUIBHOCTI AACTh 3MOTY O1JIbII
PETENBHO Ta SKICHO IPOBECTH aHAJII3 TA OLIIHKU MICBKUX TEPUTOPIH.

B nuceprartiitnomy nocnimpkerni [6] Oymu po3pobiieHi METOIOIOTIUHI 3acaai OLiHIOBAHHS
TOTOBHOCTI rpoMajl YKpaiHH /10 BIPOBAKEHHS KOHIIEMII1 «PO3yMHOCTI» Ha OCHOBI AU(epeHLianii
perioHiB YKpaiHM 3a piBHEM pO3BUTKY iH(OpPMAIIIfHOIO CycHiIbcTBAa UUIAXOM —ajamnTarii
MDKHAPOHOT METOJIMKH PO3paxyHKy TepuTopianbHoro inaekcy po3sutky IKT (ICT Development
Index). [lani 3acamy Ha ITyMKYy aBTOpa 3a0€3MEUYHTh SKICHE YIPABIIHHS PO3BUTKOM «PO3YMHHX)»
CTaJIUX MICT Ta BIPOBAAUTH 1H(GOPMaIIHHO-KOMYHIKAIIHI TEXHOJIOT1], SIK1 JO3BOJIATh PEryII0BaTH
MICBKHUX MPOCTIP BIATOBIAHO 10 CyYaCHUX MOTPeO.

B Haykogiit po6orti [8] po3rismaroTbcs OCHOBHI (PaKTOpH, IO 3YMOBIIOIOTH CTaH MICHKOTO
CEepeIOBHIIA Ta METOJIM OIIHKU SIKOCTI MICHKOTO CEPEIOBUINA Y CKIIAJi IHKEHEPHOTO OJIaroycTporo
MICBKHX TepuUTopid. B poboTi Oynu neTanbHO pO3MISIHYTI OCHOBHI (paKTOpH, IO BIUIMBAIOTH HA
HaBKOJIMIIIHE CepeoBUIlE. bByno BCTAHOBIEHO, IO CIPSAMOBAHICTH METOMIB OIIHKH SIKOCTI
MICBHKOTO CEepeIOBHIIA BU3HAYAETHCS MMUTAHHAMH 0JIarOyCTPOIO, IO JO3BOJIUTH OUIBII KOMIUIEKCHO
MiJBUIIUTH SKICTh ICHYIOYOT'O MICBKOTO CEPEIOBHIIIA.

MeTo0 C€TATTi € y3araJpHUTH Ta CHCTEMAaTH3yBaTH JIaHi MO0 KOMIUIEKCHOTO aHaJi3y Ta
OLIHKA TEpUTOpiil MicTa B CyyaCHMX MNpPAaKTHUKaxX, Ta MpoaHali3yBaTW MEpPeIyMOBH (OPMYBaHHS
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KOM(OPTHOTO Ta OE3MEeYHOr0 MICBKOTO MPOCTOPY JUISl MiATOTOBKH JI€BOTO pIIIEHHS MpU
MPOEKTYBaHH1 BU3HAYEHOI MiCIICBOCTI.

Matepiaim Ta MeTOAM AOCTiIKeHb. BHUKOHAHHS JaHOTO HAYKOBOTO JIOCIIKEHHS
0a3yBajioch Ha EMIIPUYHOMY METOi, IO BKJIIOYaB B ce0€ CIIOCTEPEKCHHS Ta IOPIBHSHHS
ICHYIOUHX MPAKTUK aHaJi3y Ta OLIHKK MICBKUX TepUTOPiid. Takox B JOCHTIKEHI BUKOPUCTOBYBABCS
METO]T MOJICTIOBAHHS /IJIsl BU3HAUEHHS MPOTHO30BaHUX ME€PEIYMOB PO3BUTKY MICHKOTO MPOCTOPY.

OcHoBHmii MaTepiaa i pesyabraTtu. B MixnaponHomy peiitunry «Economist Intelligence
Unity [15] anamizyrote Ta omiHioTh 0au3bK0 140 micT cBirty. PefiTuHr miopiuHo 0a3yeTbes Ha
oCHOBI gocinipkeHs 30 HalBaXIUBIMMX (PaKTOPIB, K BIUIMBAIOTH Ha KOM(MOPTHICTH MPOKUBAHHS,
HAMPUKIIA[, TaKl SK:

— OE3IMEYHICTS;

— JIOCTYMHICTh MEUYHOTO OOCITYTOBYBaHHS Ta OCBITH;

— SIKICTh 1K1, IOPIT Ta TPOMAJICHKOTO TPAHCIIOPTY;

— MOXJIMBICTh BECEJIO MPOBECTH Yac, BIANOYUBAIOYHU B MICTI.

B petitunry Hait3pydnimni micta cBity y 2023 pori [14] OyB mokazaHui iHACKC SKOCTI MiCHKOTO
MIPOCTOPY, SIKUI BKJIFOUMB B ce0e OI[IHIOBaHHS CTaOUILHOCTI, SIKOCTI chepr OXOPOHHU 37I0pPOB’s, chepH
KYIbTypH, CTaHy HAaBKOJMIIHBOTO CEpeIOBHUINA, SKOCTI cdepu OcCBITHU Ta 1HPPACTPYKTYypH.
OwiHIOBaHHSI YMOB XHTTs OyJI0 po3po0JIeHO, 100 JOMOMOITH KOMITaHIsIM po3paxyBaTy HaIOaBKH 3a
Ba)XKI YMOBH Ipalll Ui CIiBPOOITHHUKIB, AKI MEPEHKDKAIOTh Y HOBE — 1, MOXKJIBO, MEHIIl CTEpITHE
MicTo. TakoxX 3aBISKH PEUTHHTY MOXIIUBO 3pOOUTH KOPOTKHI OTJISA HAHOUTBII 1 HaiiMeHI OaXkaHuX
MICT JUIS JKHUTTS, SKIIO BU eMIrpaHT. BimeHp, 3 HOro 4yaoBUM MO€IHAHHAM CTaOUILHOCTI Ta
KyJbTYPHHX PO3Bar, HaIiifHOIO 1H(YPACTPYKTYPOIO, OYOIIOE PEUTHHT B YETBEPTUH Pa3 3a M'ATh POKIB.
Komnenraren, MicTo Takoro > po3Mipy 3 0araTbMa TaKHMMU 5K XapaKTEPUCTUKAMH, TIOCIIAa€ IPYre MiCIIE.
MensOypH, SKHid Yy MHHYJIOMY POIli OYOJIFOBaB PEHTHHT, TOCIIA€ TPETE MicIe. 3arajioM AEB’sTh 13
MepIIoi JACCATKH MalluX Ta CEPEeIHIX MICT, 1 HaBiTh OUIbIICTH 13 TOmN-50, 3HAXOAATHCA B OaraTwx
Kpainax. JIOHTOH — omycTHBCs Ha 12 MO3MIIII0 MOPIBHSHO 3 MUHYJIMM POKOM — 3aiiMae 46-¢ micle, a
Heto-Mopk omycTBes Ha JecsaTh MO3MIH 10 69-T0. 3 II’SITH KATeropiii, OXOIUICHHX OLiHFOBAHHAM
Haii3pyunimn micra cBity y 2023 pomi B cepeaHbOMY 3HU3UBCS JIMIIE IMOKA3HUK CTAOUIBHOCTI.
[Toxasnuku ctabinbHOCTI B Oarathox mictax CximHoi €Bpory, ki 3 2022 poky BHaid 4epes Te, 10
BOHHM PO3TalIoBaHi nmo0mm3y Ykpainu, mporo poky 3pociu. Crpaiik poditHukiB y I'perii, mporectu
10710 TeHCiiHoro 3abe3neueHHs y Ppanuii Ta cMmepTenbHI CyTHdkd B I3paimi ta Ilepy 3HM3MIM
MOKA3HUKH B 1UX KpaiHax [14]. Pelitunr Haii3pyunimmx mict cBity y 2023 poii nmokaszanuii Ha puc. 1.

PeiTUHT 3pyyuHilLIMX micT gna »xutra 2023 MokasHuk iHaekcy | | [ Qlf=‘|—|r
Bcboro 173 micT, 1e micue- Halikpalmit iHAeKC AKOCTI MICbKOro MpocTopy. il 60 80 90 100
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Puc. 1. Peittuar Haitzpyunimni micta cBity y 2023 porti (po3po6sierno The Economist)
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O1iHIOBaHHS MICBKOTO MPOCTOPY MOETHAHE 3 TIPOIIECOM HOTO aHaji3y 1 BU3HAYEHHSIM ITEBHUX
KpUTEpiiB OIiHKH. [IpM KOMIUIEKCHOMY aHaji3i TEepUTOpil MicTa HaW4acTille BH3HAYAIOTh
MOCTIIOBHO BHJ pPOOIT, B SKHUX XapaKTEpU3YIOTh HACEJICHHUH MYHKT, MICIe 3HAXO/KEHHS B
CTPYKTYpax, BUAU JiSUTBHOCTI, PO3BHHEHICTh 1 CTAaH HABKOJHUIIHBOTO CEPEIOBHINA Ta MPUPOIHUX
pecypciB. Jlanmii aHanmi3 MOBHHEH MPOBOIUTHCH 3 NPUHHATOIO MEPIOAWYHICTIO, 00 MICTO — IIe
JMHAMIYHA CHCTEMa, SIKa 3MIHIOE€ MIChKE CEpPEJOBUIIE KOXKEH JCHb.

B manomy mociipkeHi po3risiHyTi CydacHi MPaKTHKX aHalli3y MiChbKOTo rpoctopy. Ha mpoTupiy,
ICHYIOUMM METOJIMKaM aHai3y TEPUTOPIA MicTa 3 ABIISIOTHCS HOBI OUIBII MPAKTUYHI METOIM aHAJII3Y,
SIK1 OITMCaHI1 Ta MpoaHajIi30BaHi B Ta0auIl 1, BU3HAYEHI X XapaKTEpHi 0O3HAKHU Ta MIPUHIIUIIN Jii.

[IpuHiMnM [ii, KOXKHOIO 3 PO3MNISHYTOTO CY4aCHOIO METOAY MAOCHIUKEHHS Ta aHali3y
MiCBKOTO POCTOPY, BKA3yIOTh HA ryMaHiCTI/IqHI/HZ Ta MO3UTHBHUHN MiAXia 10 GopMyroBaHHS iei
JOCHIJKeHb 1 Ja€e 3MOTY MOEIHATH JIIOIUHY i HpOCTlp B onHoMy BuMipi. Ha mymky aBTOpA,
BKJIIOYCHHSI MPUHIUIIB MPOAHAII30BaHUX METOMIB ICHYIOUMX METOIMK aHaji3y TepuTopiil micra
3MOXe COpPMYBaATH MOTPEOU CYHaCHOTO MEIIKAHIIS Ta CEPEAOBHUIIIA HABKOJIO.

HaiizactocoBaHimmii miaxXiJ 00 OLIHKK SIKOCTI MICBKOTO MPOCTOPY € IHAMKATUBHUHN, SKAN
JI03BOJISIE MPAIFOBATH 3 KUTBKICHUMHU KBATIMETPUYHUMH MMOKa3HUKaMU [14]. Ane B JaHomy miaxoi
€ IeSIK1 TPYIHOII MPU PO3TIIAI TapaMeTPiB €CTETUYHOCTI, 3pYIHOCTI, KOM(OPTY Ta 1HIIII.

[Ipu owuiHLi TepUTOPii MicTa 3a3BHYall BUKOPHUCTOBYIOThH 1HJEKC SKOCTI MICBKOTO MPOCTOPY
K 1HCTPYMEHT OLIIHKM MaTepialbHOI CKJIaJOBOI JOCHIIKYBaHOTro mnpocropy. Jlanuii meron
OLIIHIOBaHHS 0a3yeThCsl HA BU3HAUEHI 1HIUKATOPIB, K1 O€3M0cepeIHbO BIUIMBAIOTH HA (OPMYBaHHS
MICBKOTO MPOCTOpY. IHAMKATOpHM BCTAHOBIIOIOTHCS BIAMOBIAHO 1O 3araJlbHONPUHHATUX YMHHHUX
JOKYMEHTIB, Hanpukiaj sk nmporpama OOH mo po3BuTKY HaceneHux MyHKTIB [16]. Bci Bu3HaveHi
IHAMKATOpU CKJIAZAl0OTh B MATPHUIIO OI[IHKM, TUM CAMHUM OTPUMYIOYM i1HAEKC SKOCTI MiCHKOTO
npoctopy. Buay iHguKaTopiB, SKi MOXKYTh OYTH OI[IHEHUMHU:

— OesneyHicTh (mJIoma apapiiHUX OyndiBeNlb Ta CHOPYJ, IUIONIA 3araibHOJOCTYITHOTO
03€JICHEHHs1, YaCTKa OCBITJICHUX YaCTHH BYJUIIb Ta 1HIII, Oe3eKa mepecyBaHHs Ta iHII);

— KoMQOpTHICTh (mIoma OyaiBedb Ta CHOPYH 3 HASBHICTIO 1HXK. KOMYHIKAIlid, piBEHb
O3€JICHEHHS, PI3HOBUJ IOCIYT, KYyJIbTYPHO-I03BUUIEBOI Ta CHOPTUBHOI 1H(PACTPyKTypH,
JOCTYIHICTh 3yMTUHOK TPOMAJICBKOTO TPAHCIIOPTY Ta 1HIII);

— CKOJIOT1YHICTh (CTaH 3€JIeHNX HACaKEHb, 3aBAaHTAXKCHHSI IOPIT Ta 1HIIII);

— IICHTUYHICTH Ta Pi3HOBH] (PI3HOMAHITTS 3a0yI0BH, MPUBAOIHUBICT TEPUTOPIH, HASIBHICTD
00’€KTIB KyJIbTYPHOI CIIaiLINHU Ta 1HII);

—CYYacHICTb Ta aKTYyaJbHICTh (PI3HOMAHITHICTh IIOCIYT, O3€JCHEHHS, PIBEHb PO3BUTKY
IpOMaJICbKUX MTPOCTOPIB Ta 1HIII);

— e(heKTUBHICTh KEepyBaHHS MPOCTOPOM (HASBHICTh 30BHIIIHHOIO O(OPMIIEHHS MICHKOTO
MIPOCTOPY, PIBEHb MPUOUPAHHS Ta PEMOHTY I'POMAJICBKMX TEPUTOPIN Ta 1HII).

Bynp sika oIiHKa MOYMHAETHCS BU3HAUEHHS MUTAHHS, IO OI[IHIOETHCS Ta MO BiAHOIICHHIO 10
4oro. 3arajioM B MicToOyayBaHH1 00’ €KTOM OI[IHIOBAHHS € TEPUTOPIs, il MPUPOJIHI YMOBH 1 peCypcu
Ta 6e310cepeIHbO MPOCTIP, CTBOPEHUH 11€10 TEPUTOPI€0. AJle B CyJaCHOMY CBIT1, MICBKUI MPOCTIp
HaOupae 0araTOBUMIPHHUX XapaKTEPUCTHK, TAaKUX SK 4Yac, KyJIbTYypHI KOMIIOHEHTH, EMOLHHI
BiquyTTsa. ToMy mHpH OILHII MICBKOTO MPOCTOPY HEOOXiHO 3BepTaTH yBary He JMIIE Ha
€KOHOMIYHI, €KOJIOT14YHi, COLialbHO-KYIbTYPHI, MiCTOOY1iBHI, iIHppPaCTPYKTypHIi, a i Ha eCTeTHYHI
Ta YyTTEBI XapaKTEPUCTUKU IPOCTOPY.

BinnosigHo no mipamiau notpe6 3a A. Macnoy [13], mpocTip He Moke OyTH po3riisiHyTHi 0e3
aHaJi3y BCIX PIBHIB JIOJCHKUX NOTped. Ha 6a3i 1bOoro MOXKIMBO BCTAHOBUTH SIKICHO-MOJAJIBHO Ta
SKICHO-CEPEIOBHIIHI MapaMeTpH MICBKOIO MPOCTOPY, IO JOMOMOXKYTh OLIHUTH MEHTajbHe,
IHCTUHKTUBHE Ta Bi3yaJbHE CIPUHHATTS MICIIEBOCTI.

Buxoasau 3 115010, 101aTKOBO OI[IHUTH MICBKHI MPOCTIP MOKIIUBO Yepes:

— aHaji3 MICTa yepe3 30pOBl KaJpu Ta KYTH 30py — CIIMPAETHCS HAa KYTH 30py Hif SKUMHU
CHpPUMMAETHCS BEPXHS MEXKa apXITEKTYpPHUX 00’ €KTIB Ta IPOCTOPY;

— CIIPUMHATTA MicTa K iH(GOpMaLiHUI Mpolec — apXiTEeKTypa MOJAEThCA K CUCTEMA, sIKa,
TEOPETUYHO, 3a HAsABHOCTI TMEBHUX BHUXIJHMX JAHUX MOXe OOpOOISATHCH KOMII IOTEPOM,
iHpopMaliiiHa cHucTeMa <JIIOIMHA — INTYy4YHE CEpelOBHIIE», A€ JIOJUHA — 1€ OTpUMyBau
iHpopMallii, apXiTEeKTOp — TBOPEIb, apXITEKTYpHI 00’ €KTH — JKepeno iH(popmartii.
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Tabmuus 1 — CydacHi METOIU AOCIIPKEHHS Ta aHai3y MIChKOTO MpocTopy [7]

MeToau TOCHTIKEHHS Ta
aHaII3y MICBKOTO
IPOCTOPY

[Tpuntumn aii

Meton Go-along

HocmipkeHHs Ta aHami3 BigOyBaeTbCs BIANMOBITHO 10 3aco0iB
nepecyBanHs. Walk along — mig yac pyxy mimkw, ride along — Ha
MamuHi abo Ha Benocumneai. IHTepB'roep IMepecyBa€eTbCs MICTOM
pa3oMm i3 peCroH/ICHTOM, CTaBJISTYH YTOYHIOBAIbHI 3aITUTAHHS IIO0
TOT0, Ha 110 BOHU NMOJUBWIMCS, Ky MIILIH, SIKAM € TXHIA JOCBiJ
NepecyBaHHs IIUMHU MapIIpyTaMu TOIo. [Ipyu BUKOPUCTaHHI METOTY
go-along BIiAYYTTA MiCIsl 3aroCTPIOETHCS 3aBIASKH TOMY, IO
MepecyBaHHs TI0 HBOMY 3[IHCHIOETBCS B JIaHUKW MOMEHT.
OueBuAHUN HEAOJIK HOTO METOAY IOJISATae y BIUIMBI 1HTEpB'oepa
Ha CHPUHHATTA MICBKOTO MPOCTOpPY 1 MmepecyBaHHS HUM. Tak, s
KOrOCh HasIBHICTB JIAaBOK HE MpoOJieMa, a OCh MOPOXKHI KITymMmOu abo
HEJOTJIIHYTHI Ta30H CTAHOBUTHUMYTh JUCKOM(OPT.

Meron MEHTaJIBHUX KapT

JocnimkeHHs Ta aHami3 BiiOyBaeTbcs Ha 6a31 MEHTABHUX KapT, SIKi
BiJoOpaxaroTh 00pa3 MicTa BHXOISYM 3 OTPHUMAHOI 3 pI3HUX
HENPSMHUX Ta MPsSIMUX JpKepea iHdopMallii mpo Hboro. MeToro
HU3KH JOCITIPKeHb € BUBYCHHS TOTO, K I Yac TepecyBaHHS
MICTOM 3MIHIOETHCS YSIBJIIGHHS JIFOJMHU PO MPOCTIP, MO0 1 OTOYYE,
1 3MIHFOETBCS Ta JIONMIOBHIOETHCSI MEHTAIbHA KapTa.

Merton aBroeTHorpadii

JocnimkeHHs Ta aHaii3 mpoOaeMH MONsSrae B TOMY, 10 JOCTiAHUK
¢ikcye MOCBiA CBOrO pyXy 1 CHPHUHHSTTS MICBKOTO IMPOCTOPY, a
NoTIM aHaii3ye ioro. JlaHWH MeTON TOB'SI3aHUI 13 BHUBYCHHSM
JOCITITHUKOM BJIACHOTO JOCBiAYy Ui PO3YMIHHSA KYJIBTYPHOTO
nocBiny. IlepenbauaeTncs, 1m0 JOCTIAHMK caM € HOCIEM IEBHOI
KYJIBTYPH, @ OTXKE, OMHUC HOT0 BIACHOTO JOCBIIy € OJHOYACHO
OIKMCOM CaMOi KYJIbTYpPH.

Mertop ananizy
BiJIe03amnuciB

HocnimkenHst Ta aHaimi3 BiaOyBaeTbcs Ha 0a3l Bimeo3anuciB. lanuii
METOJl aHaji3y BiJ€03alUCIB HE Ja€ 3MOT'M BHMBYMTH CIIPUHHSATTS
MICBKOTO TPOCTOpY. SIKOIOCH MIPOI0 BOHO MOKE JaTHU 1H(OpMALIio
Ipo MPaKTHKHU NEepecyBaHHS HUM, ajie He Mpo chpuiHATTs. HaiTh
SKIIO HA BIZIEO MM CIIOCTEPIraeMo, 10 JIFOJUHA MPOTITOM TPUBAIOTO
4acy JMBUTHCS HA LOCh, MM HE MOXEMO 3pOOUTH BHUCHOBOK IIPO TE,
o came 1iei 00'ekT 11 3arikaBuB. BUKOpHUCTOBYBaTH METO aHATI3Y
BIZICO3AIIUCIB MOXHA TUIBKM B TOMY pasi, SKIIO 3a LUM CIIIye
IHTEPB'T0 3 HOCIEM JIOCII/IKYBAHOI IPAKTHUKU

OHI/ITYBaHHH HaCCJICHHA

JocmipkeHHss Ta aHami3 BigOyBaeTbcs Ha 0a3l ONUTYBaHHS
MICIIEBUX  MEIIKAHI[IB a00 KOPUCTYBadiB  JOCIIIKYBaHOTO
npocTopy. AHKeTa ONUTYBaHHS IIOBMHHA IIOBHO BiJoOpa)kaTu
npobiieMu Ta NMTaHHA, SKI  0Oe3nocepeHbO MMOB’sI3aHl 3
¢dbopmyBaHHS Ta pe)OpPMyBaHHSIM IPOCTOPY.

AHai3 CTaTUCTUKHU

Hocmiokenns 0a3yeTbcsi Ha aHami3l, 31CTaBIEHHS, TOPIBHIHHS
OTpUMAHUX JaHuX (MDK c000I0 Ta 3 IHIIMMU JAaHUMH), iX
y3arajlbHEHHS, TJIyMaueHHS Ta (OPMYJIFOBAaHHS HAyKOBHX 1
MPAKTUYHUX BUCHOBKIB MO0 MiCEKOT'O TTPOCTOPY.

Amnamiz BinOyBaeTbcs Ha 0a3l JOCTIDKEHHS KOHKPETHHX OO0'€KTIB

CnocrepexeHHs
CIIOCTEPEIKEHHSI.
[HCcTpyMEHTANTBHE HocmipkeHHs Ta aHami3 BigOyBaeTbcsi Ha 0a3l BCTAHOBIECHUX
00CTEXEHHS METOJIMK 00CTEKEHHSI 3 TOKPOKOBOIO 1HCTPYKIII€IO.
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Pe3yabTaTn gocaizxensb. KoMmruiekcHuil aHami3 Ta OIiHKA TEPUTOPI MicTa J03BOJISIE BUSIBUTH
mpobsiemMu a60 KOH(IIKTHI CHTYyalii y MICBKOMY MpPOCTOpi, SKi HETaTMBHO BIUTMBAIOTh Ha HOTO
(YHKIIOHYBaHHS, PO3BUTOK Ta KOMQOPTHICTh. 3a3BHYail, BHU3HAUEHHS KOMQOPTHOCTI MicCTa
BU3HAYAIOTH SIK OKPEMHI KPUTEpPil OIHKH, alieé Ha JyMKY aBTOpa, came (hopMyBaHHS KOM(OPTHOTO
MICBKOTO TPOCTOPY 1 € TOJIOBHUM 3aBJIaHHAM JIJIsl YpOaHICTIB, sIKEe BKIIIOYAE B ceOe Oarato KpuTepiis,
10 3a0€3MeuyloTh OE3MEeUHICTh, €KOJIOTIYHICTD, 1ICHTUYHICTh T4 CYYaCHICTh MPOCTOPY BiATIOBIAHO 10
notped MicreBoi rpomManu. ToMy BHSBICHHSI Cy9acHHX TEpeayMOB (pOpMyBaHHS MiCBKOTO MPOCTOPY
CYJ4aCHUMH METOJIAMHU aHANII3y Ta OI[IHKKA HOTro CTaHy 3MOKE IOBHO HANlOBHHUTH MICBKi TEpUTOpIi Ta
SKICHO PEryJIloBaTH, OOCITYrOBYBaTHM Ta EKCILIyaTyBaTH iX BIAMOBIIHO JO MOTped TpoMamw 1 ix
Bi/IHOIIEHHIO /10 MiCLIEBOCTI.

BuCHOBKH Ta MepCHeKTHBH MNOJAJBIIMX AOCTiI:KeHb. B naniii crarti Oymo J0CTiHKEHO
MMUTAHHS 11010 KOMIUIEKCHOTO aHali3y Ta OLIHKA TEPUTOPId MicTa, iX BIUIMB Ha (OpMYyBaHHS,
pedopMyBaHHS Ta PEKOHCTPYKIII MIiCBKOTO IMPOCTOpPY. Byno BCTaHOBIEHO, IO aHANI3 Ta OLIHKA
TEPUTOPIA MiICTa € TEPIIOYEPrOBOI0 MEPEAYMOBOIO Ul CTBOPEHHS 3aBJAHHS Ha MPOEKTYBAHHS 3
BU3HAYCHNMH HETAaTHBHUMH CTOPOHAMH Ta MPoOJIeMaMu, sSKi BIUIMBAIOTh Ha KOM(OPTHICTh BEICHHS
KUTTEMISTLHOCTI HACEJICHHS HA TEBHIN JOCIIKyBaHii TepuTopii. JIomoOBHEHHS ICHYIOUMX MPAKTHK Ta
METOJMK aHaji3y Ta OIIHKKA MICBKOTO IMPOCTOPY CYYaCHUMH TPAKTHYHHUMH METOJIAMH JIO3BOJIUTH
OLIBII SKICHO Ta aKTyaJlbHO, BIATIOBIIHO 10 MOTped MicleBOCTi, (OpMyBaTH TOM MPOCTIp MicTa, SIKHi
HEOOXIJHUI Cy4acCHOMY MEIIKAHIF0 Ta HOro KOpPHCTyBauy. ABTOp IUIaHYE y TONAIBIIOMY OLIBII
JETaIbHO BU3HAYUTH (aKTOPH MEPeayMOB (hopMyBaHHS KOM(MOPTHOTO MiCBKOTO IPOCTOPY.
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COMPREHENSIVE ANALYSIS AND ASSESSMENT OF THE CITY'S TERRITORIES AS
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Abstract. The formation of urban space that is comfortable and safe for its users is the highest
goal of modern urban planning science. After analysing existing planning practices, it was found
that the primary prerequisite for the formation of urban space is to determine the needs of the area,
which are established after comprehensive analyses and assessment of the territories. The needs
determine the direction of their development.

This paper reviews the existing methods of analysis and assessment of territories and
identifies their characteristic features that require analysis and assessment to establish clearer
actions to improve the space. This article investigates the issue of comprehensive analysis and
assessment of urban areas and their impact on the formation, reform and reconstruction of urban
space. The purpose of this study was to systematize knowledge on the analysis and assessment of
urban areas. Based on the identified problems, the prerequisites for the formation of a comfortable
urban space for all levels of needs of its residents and users are established.

In a modern city, many processes take place simultaneously, which affect the functional
division of territories in accordance with the dominant activities on them. Formulating clear urban
planning tasks helps to: preserve the positive and change the negative characteristics of urban space,
take into account the views of local residents and space users, analyse investment opportunities,
primarily to understand the material prospects of the area.

A comprehensive analysis and assessment of the city's territories allows identifying problems
or conflict situations in the urban space that negatively affect its functioning, development and
comfort. Usually, the definition of city comfort is defined as a separate assessment criterion, but in
the author's opinion, it is the formation of a comfortable urban space that is the main task for
urbanists, which includes many criteria that ensure the safety, environmental friendliness, identity
and modernity of the space in accordance with the needs of the local community.

As a result of the research, it was found that supplementing the existing practices and methods
of analyzing and assessing urban space in accordance with the current needs of urban planning
would allow for a better and more relevant formation of the urban space that is needed by the
resident and its user.

Keywords: urban space, comprehensive analysis, integral assessment, urban space quality
index, formation of city territories, comfort of urban space.
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Abstract. Based on the method previously developed by the authors for the analytical
determination of the ultimate elastic state of the ropes, the dependence of the P(D) tensile force with
the winding of the rope on the drum on the parameter D = Dy /d, (the ratio of the diameters of the
drum and the rope) in the interval D = 10 — 120. Dependence P(D) was determined for two loading
schemes of rope: stretching of the rope with winding on the drum with a freely suspended load and
stretching of the rope with winding on the drum with the load in the guides. Based on the developed
method, the dependence of P(D) was performed for 16 kantais of different designs. The tensile
strength is presented in the relative form ﬁ(ﬁ) = P(D)/P; (P, total breaking strength of the rope
wires). The effort 5(5) significantly depends on the construction of the rope and the bending
parameter D. In the section 40 < D < 120 the force 5(5) increases monotonically and practically
linearly, reaching the value corresponding to the calculation scheme of stretching a straight rope. For
different structures with the parameter D = 40 change in force AD = 0.723 — 0.578 = 0.145 with
D =120 AP = 0.765 — 0.677 = 0.08. In the section 40 > D > 20 the dependence P(D) is not
linear, at D = 40 - AP = 0.663 — 0.418 = 0.245. The section 20 > D > 10 is characterized by a
sharp change in force P(D), with the bending parameter D = 10 - AP = 0.416. For most rope designs
at D < 10 the forces P(D) are close to zero values. When stretching with a freely suspended load, the

forces ﬁ(ﬁ) are 1.6-1.7 times lower than when stretching in guides. For twisting ropes (one-way
winding), the ratio is 2.5-3.4 times. In the normative methods of calculations of lifting ropes, the
characteristics P, or P, = 0.83P, are used, which do not take into account the peculiarities of the
deformation and construction of the ropes. We believe that the given information is appropriate in
solving the issue of building a methodology for calculating the static strength of lifting ropes based on
the characteristics of their ultimate elastic state, which will ensure stable optimality of the use of ropes,
will allow you to rationally choose the type of rope construction and its dimensions.

Keywords: rope, strength characteristics, calculation scheme, bending parameter when
winding on a drum, calculation method for static strength.

Introduction. The strength calculations of lifting ropes use characteristics corresponding to
extremely simplified calculation schemes [1-4]. One of them, the most simplified, is the total
breaking force:

P, = Foy, 1)
where F — total area of all wires of the rope;

o}, — wire strength limit (marked rope group).

The second is the aggregate breaking force of the rope as a whole:

P, = kP, (2)
where Kk is a coefficient, which in various sources [1-4] has close, slightly different numerical
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values. So, in [1, 2, 4] k=0.83 in [3] k= 0.75—0.90 (a smaller value refers to three-layer
double-wound ropes, more to single-wound ropes).

In the European standard EN 12385-2, 10 indicators of strength characteristics are established
for ropes. Two of them fully correspond to the specified characteristics P, and P,, the others are
based on these two characteristics and are also not connected by real load schemes of the lifting
ropes. According to the content, it seems that the characteristics of EN 12385-2 are intended for
comprehensive control of rope manufacturing technology.

Such inaccuracy (simplification) of the calculation schemes of the ropes is compensated by an
increase in the level of normative safety margins, the interval of which is [m] = 3 — 13, according
to [1, 2, 4]. We consider the statement in [4, p. 96] that high values of [m] "reflect greater
responsibility of steel ropes”. Of course, the responsibility, but no less important is the factor of
extreme simplicity of the calculation scheme of the ropes. Under such conditions, the calculation of
ropes cannot be stably optimal.

Research analysis. In work [1], the calculation of the strength of mine lifting ropes is
reduced to a comparison of the normative margin of strength [m] with the estimated:

Pt qgop 3)

m=== ,
S (Qk+qLl)y

where S estimated static load;

q — linear rope mass, kg/m;

g — acceleration of free fall, m/s?;

vy = q/F10° —fictitious (reduced) density;

Qx = Qp, + Q. — final mass, which includes the mass of the cargo and the mass of all
suspended elements;

L — lift height.

Formula (3) does not take into account the bending of the rope on the drum and blocks.

In Rules [2], the calculation is reduced to checking the selected rope according to the formula:

P, = 7,8, 4)

where P, — the second is the aggregate breaking force of the rope as a whole; S — the greatest

tension of the rope branch; z, — minimum utilization factor (safety factor).

In the Rules [2], the influence of rope bending is somewhat taken into account by assigning
the minimum diameters of drums, blocks and leveling blocks according to the formulas:

D; = byd; D, = b,d; D3 = bsd, (5)

where Dy; D,; D3 — diameters of drums and blocks;

b,; b,; by —assignment coefficients for drum and block diameters; d — rope diameter.

Table 1, which combines two tables from the Rules [2], shows the correspondence between
the normative safety margins and the parameters D = D4/d,. But this correspondence is not
sufficient, because it does not take into account the construction of the ropes, the deformed-stressed

state and does not give the connection of the parameter D with their strong characteristics.

Table 1 — Minimum safety margins and rope bending parameters D

Mechanism class according | M, M, M, M, Ms | Mg | M, | Mg
to I1SO 4301/1
Coefficients of margin of
strength of the rope z,

315 | 335 | 3.55 4 45 | 56 | 7.10 9

by(D = Dy/d,) 112 | 125 | 14 | 16 | 18 | 20 | 225 | 250
b,(D = D/d) 125 | 140 | 160 | 180 | 20 | 224 | 250 | 280
by(D = Dy/d,) 112 | 125 | 125 | 14 | 14 | 16 | 18 | 18
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In article [3], where the current state of the ropes in crane installations is analyzed, their
calculation for static strength is reduced to a condition of the form (4), but with a different
interpretation of the component z, (he is named "minimum design factor", although in terms of the
terms (4) — this is a normative safety factor, it is also taken depending on the class of the mechanism
and the type of rope).

In article [4] the calculation is reduced to the appointment of the diameter of the rope
according to the condition:

[R]=F = Fmaxzp,
where F, — the second is the aggregate breaking force of the rope as a whole;

Foex — the calculated maximum force in the rope; z, — is the safety coefficient, which is

also based on the formula (4).

This means that in the methods considered in the works [3, 4], the strength characteristics of
the ropes are taken, which also do not take into account the bending deformation when the rope is
wound onto the drum.

In work [5], on the basis of formula (4), it is proposed to determine the value of the breaking
force, according to which the rope is selected, taking into account operational features (diameters of
the drum, blocks, method of securing the rope, intensity of work, etc.). But here the deformed-
stressed state of the ropes is not taken into account too.

In Germany [6], in order to increase the service life of the ropes, it is recommended to assign

the parameter D depending on the lifting speed: at a speed greater than 4 m/s, the parameter
D > 100 at a speed lower than 4 m/s, the parameter D > 60 These ratios apply to ropes of all

structures except closed, for which D > 120 is recommend.
In the USA, according to the Federal Law "Occupational Safety and Safety”, the following

standards are established for mining installations designed for the transportation of people: D > 60
when the diameter of the rope is less than 25.4 mm; D > 80 when the diameter of the rope is more

than 25.4 mm; D > 100 for closed ropes.

Similar offers are also indicated by rope manufacturers. So, the English company "Bridon™
recommends a parameter D in the range of 100-120 for closed ropes of its production. In the past,
the Khartsyz steel wire and rope plant for closed lifting ropes with a diameter of 20-38 mm GOST
10506 recommended the following ratios: for ropes with a diameter of d > 27 mm parameter
D = 90 for ropes with a diameter of d > 30 mm parameter D > 120.

It can be seen from the given analysis: consideration of the bending of lifting ropes is
somewhat assumed, but without connection with their design, with the external and internal
deformed-tension state of the ropes, and there is no connection of the parameter D with the
corresponding strength characteristics of the ropes.

Aim of the study. The aim of the work is an analytical study of the dependence of the tensile
force of the ropes (those their strength characteristics) in the limiting elastic state of the bending
parameter associated with winding on the drum under conditions of loading with a load in the guides
and with free suspension. Ultimately, the aim is subordinated to the proposal to use such characteristics
in the methods for calculating ropes for static strength. This will provide a significant increase in the
accuracy of the design scheme of the ropes in comparison with the existing regulated methods, which
are based on the strength characteristics that do not correspond to the loading schemes of the ropes.

Research materials and methods. The finite element method was used to study the strained
state of the rope. Two schemes of rope loading are considered: stretching of the rope with winding on
the drum with a freely suspended load and stretching of the rope with winding on the drum with the
load in the guides.

Research results. In this work, on the basis of external and internal deformed states, it is

proposed to study the dependence of the tensile force P,(D) of the limit elastic state of the rope on
the bending parameter D = D,/d, when winding on a drum. Fig. 1 shows the schemes of the
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loaded and deformed state of the lifting rope, which are characterized by the bending parameter D
and internal force factors (IFF) in sections: N — longitudinal force; M, L,T torque and bending
moments. The solution of the given task is based on the theoretical foundations of works [6, 7].
Let's consider their relationship with the final formula of dependence P,(D) on the basis of the
deformed state corresponding to the diagrams (Fig. 1) of the rope load.

Py P
a b
Fig. 1. Rope load schemes:
a —the load is freely suspended; b — the load is in the guides

The external deformed state of the rope is expressed by the vector of deformations:
IDK| = |e6x§| = |G| F|. (6)
Here ¢, 0, x,é — according to stretching, torsion, and bending deformations (in the elastic
state, the components of the vector |F| IFF are proportional to them;
|G| — global stiffness matrix of the rope section:

Gll 612 Gl3 Gl4— chi o 0
GZl GZZ GZ3 GZ4 S t; T
|G| 631 G32 G33 G34_ 1SC x; SCBll Il (Dul. | |l , ( )
G41 Gll G4-3 G4-4 0 cDui
where G4, Gy, G33, G44 — the main stiffnesses of the rope section (longitudinal, torsional,

bending);
G = G,1; G13 = G34 etc. — severity of impact;
®,, = Ené?/4; &, = Ens*/80; ®,, = Ené*/64 — stiffness of the cross section of the wires
(longitudinal, torsional, bending; E — modulus of elasticity; & — diameter of the wires).
Matrix |K|; specific deformations of the i-th wire:
Kes Kts Kbs Kns
Keg Kig Koo Kng

IKl|; = Key Kiy Kby Kny = |KT|; - |KF|; = (8)

Kee Kig Kng Kn
Kpe  Kre EBE 0 Keg Kig Kpg O
KEQ KTH KBQ 0 . KET KtT KbT O .
Key Kry Ky Kny| |Kes Kz Kop Knp|’
— — K K K K
KEf KTf KBE KN{ eN tN bN nN
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|KT|; — matrix of specific deformations of the strands in the rope, which includes the i-th
wire; |KF|; — matrix of specific deformations of the i-th wire in the strand.

In the elements of the matrix |K|;, the first index indicates the deformation of the wire in the
rope (e — longitudinal; t — torsion; b and n — bending), and the second — the deformation of the rope,
from which this deformation of the wire is obtained.

In the elements of the matrix |KT|;, the first index indicates the deformation of the strand in
the rope, which includes the i-th wire (E — longitudinal; T — torsional; B and N — bending), and the
second index indicates the deformation of the rope, from which this deformation of the strand
occurs.

In the elements of the matrix |[KF|;, the first index indicates the deformation of the wire in the
strand, and the second — the deformation of the strand, with which this deformation of the wire is
associated (for a single winding rope, the first index is the deformation of the wire, and the second —
the deformation of the rope, for example, K., = vcos?a cosg).

The elements of the matrix |KF|; and |KT|; are obtained on the basis of geometric equations
of deformations, respectively, of wires in a single-twist rope (strand) and strands in a double-twist
rope [8], taking into account transverse narrowing and friction [6].

Vector |F| of internal power factors in formula (6):

|F| = [INMLT|T, 9)
here N = Pcosy longitudinal force, N = Pcosy) — M = Mycosy — torque moment, L =
Pfe™**: T = Mysiny — bending moments;
where k = (P/G33)°%;

f = G33/PR; (10)
x and ¥ — linear and angular coordinates of the cross-section of the rope:
Y = (G33/PR?)*%e™"%; (11)

My = —PA;,/A,, guide reaction (A;, and A,, algebraic additions of the stiffness matrix G).
Bending curvature in the plane of winding on the drum (curvature of the bent axis of the rope):
x = R te7F*, (12)
The maximum values of the curvatures and the angle of rotation of the rope section at point O
(Fig. 1):

—_ -1
Yo = [20a+ a1 =2(a(B+ 1) |i wo = @ss/PROS. (13)
The internal deformed state of the rope is expressed by a matrix formula:
|DII| = |DK||K], (14)

where |DII| — block matrix 1 X s (s — number of wires in the rope).
Matrix components (14):

|IDII;| =letbn|,i=1,2,..,s, (15)
where e, t, b, n — strains of stretching, torsion, bending of wires.

The calculation formula P,(D) tensile strength of the ultimate elastic state of ropes for 2 load
schemes (Fig. 1) (note that the same formula looks the same for 2 straight rope load schemes) is
obtained on the basis of the proportionality between the longitudinal deformation e (15) of the wires
in the rope and the elastic limit g;,,, of the corresponding wire:

P,(D) = ejym/maxe;; i = 1,2, ..., 5, (16)
where ¢&;,,, — deformation of the elastic limit of the cable wire according to the diagram o — ¢
tensile testing of its samples;

maxe; — the largest value among all s wires of the rope of the specific tensile strain at the
final load P = 1.

maxe; = eKpe, + 0Kep, + XKey, + EKee,, (17)

£,0,%, & — specific deformations of stretching, twisting, and bending of the rope from P = 1
for the load schemes (Fig. 1), which are obtained on the basis of the matrix formula (6) using all
subsequent dependencies (6) — (13):
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; Ay Az Az A |N
_ 9] _ 1 |A21 Az Azz Azs| (M
IDK| = X[ IpI|A31r Aszpy Aszz Aza| (L[ (18)
€ A41 A42 A4-3 A44- r
where the determinant of the stiffness matrix of the rope section:
ID| = G11A11 + G12A15 + Gi3A13 + GiaAqs;
algebraic additions:
All = 622(633644 - 63?4-) - 623(623644 - 634624) + 024(623034 - 633624)
A44 = 611(622633 - 6223) - 612(612633 - 623613) + 013(012023 - 622@3)'
On the basis of (18), the deformations of the rope at a unit load are determined P = 1.
In the case of stretching when the load is freely suspended (Fig. 1, a):
€ = (Ayscosy) + Az fe ™) /|D|; 6 = (Aipcosy + Az fe ™) /IDI; (19)
X = (A1zcosp + Az3fe ) /|D|; & = (Ajacosy + Azsfe ) /|D. (20)
In the case of stretching in the guides (Fig. 1, b):
€ = (Ay cosy ~ A1z (ArpcosyP + Agysind) /Ay, + A13fe_kx)/|D|} (21)
0 = (Agsfe™™ — Apy T2 simp)/IDI; (22)
22
X = (A13 = Aq2(Az3cosyP + Azgsinip) /Ay, + Assfe ™) /|D|; (23)
& = (A14c05P—A15(AzacosP + Agasim) /Ay, + Azafe ™) /DI, (24)

In the works [4-5], considered above in the analysis, data are given on the relationship of the

bending parameter D with the tension force of the rope in the guides, according to the scheme on
Fig. 1, b. Therefore, in the future, the main attention is paid to this scheme.
Table 2 for the load scheme (Fig. 1, b) shows the results of calculations of the relative

P1 = P1/P, stretching forces of the ultimate elastic state of the ropes based on formula (16) at the
standard bending parameters [2] b;(D) = 11.2 — 25 and at D = 120, as well as the force P3

corresponding to the scheme of pure stretching [8] (stretching of a straight rope in guides). The
characteristics of ropes No. 1-3 are presented in Table 3.

Table 4 shows the relative values P1 = P1/P, for ropes of various designs from Table 3 with
bending parameters D in the full range D = 10 — 120. Along with the numerical value of the force

P1, the numbers of the wires that determine the ultimate elastic state of the rope are indicated. For
example, in Fig. 2, No. 123 and No. 2 are shaded, and in Fig. 3, No. 2, No. 8, and No. 1 are wires
whose deformation (17) determines the ultimate elastic state of the rope at different values of the

bending parameter D. Table 5 refers to the ultimate elastic state of ropes when loaded with a freely
suspended load (Fig. 1, a).

Table 2 — Relative stretching forces P1 = P1/P, of ropes in guides (Fig. 1, b) with normative
parameters b, (5) [2] of bending in winding on a drum

Mechanism class M1 | M2 | M3 | M4 | M5 | M6 | M7 | M8 D P3
Ne bl(ﬁ) 11.2 | 125 | 14 16 18 20 | 225 | 25 |120

Stretching with |0.563 |0.585 |0.607 |0.630 |0.648 [0.663 [0.677 |0.690 |0.765 | 0.765
windingona |0.201 |0.257 |0.309 [0.367 |0.412 |0.447 |0.481 |0.512 |0.741 | 0.741
drum 0.211 |0.265 |0.316 |0.370 |0.412 |0.447 |0.481 |0.510 |0.717 | 0.725

WIN -
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Table 3 — Characteristics of ropes: geometric, strength and rigidity

Design designation: Stiffness of the section x 10™
12x(...): 6%(...) —the number of d p
Ne | strands; 1/0.6; 6/0.6...//7/1.3..//6/L.5~ | = |\ O [ Gy, | Gy, Goo, Gas,
the number of wires in the layers of N Nmm | Nmm? | Nmm?
strands and their diameter

1 12x%(1/0.6-6/0.6) -

6x(1/0.6+6/0.6)+0.c. 93 | 57.0 515 | 359.8 | 620.3 179
2 12x(1/1.4-6/1.4—

6(1/0.8+6/0.8+12/0.8)o.c. 20.5 | 2895 | 2867 | 45856 | 19121 | 4815

3 | 6x(1/2.4+7/1.8+7/1.8//7/1.3+14/2.2)+

o.c.: GOST 766880 30 | 985.5 | 8216 | 48533 | 292924 | 5903

4 |6%(1/1.2+7/0.9+7/0.9//7/0.65+14/1.1)+

+o.c :GOST 766880 20 | 246.4 | 2048 | 6087 | 18487 | 390.4

5 6%(1/1.5+6/1.4+6/1.15//6/1.5)+o.c.;

GOST 268880 21 | 267.2 | 2271 | 5794 | 15346 | 662.7

6 6x(1/2.4+7/1.8+7/1.8//7/1.3+14/2.2)
17%(1/1.7+6/1.6); GOST 7669-80 39 | 1146 | 11267 | 54828 | 296982 | 5982

7 | 6x(1/1.2+6/1.1)+o.c.; GOST 3069-80 | 10.5 | 64.25 | 560 734 1029 70.4

oo

6x(1/1.2-6/1.1)+0.c.;GOST 3069-80 | 10.5 | 64.25 | 553 503 523 70.4

9 | 6x(1/1.246/1. 1)+ 1x (1/1.2+6/1.1);
COST 306680 10 | 7495 | 715 | 571 | 602 | 63.1

10 1/1,15+6/1 315 | 9.2 100 25.8 15.1 25.7

11 LIS eR 1A, 515 | 2428 | 261 | 123 | 846 | 227
12 1(/316>135T_%/ Olgsl_zé é; 5.15 | 24.28 | 261 | 725 | 858 | 227
13 Ll BT L8 /22 12.7 | 164 | 1790 | 1837 | 2938 | 844
14 V191811 81211 8116718 12.5 | 151 | 1472 | 1618 | 2563 | 667
15 1/1.9+6/1.8-12/1.8+18/1.8;

GOST 306480 125 | 151 1472 630 2503 667

16 1/1.3-6/1.2—(6/1+6/1.3)+18/1.1 7.9 | 60.63 | 630 136 443 62.3

Table 4 — Dependence of the tensile strength P1 = P1/P, of the ultimate elastic state of the ropes
on the bending parameter D when winding on a drum

ND 10 20 30 | 40 | 50 60 70 | 80 90 100 120 P3
or
1 0.537 | 0.663 |0.708|0.723|0.747| 0.757 |0.765|0.765| 0.765 | 0.765 | 0.765 |0.765
Nel23 [Nel23| 7 ! ! ! Ne2 ! ! ! ! Ne2
5 0.343 | 0.547|0.625|0.667|0.692| 0.709 |0.719|0.726 | 0.732 | 0.737 | 0.741 | 0.741
NelO7 | NelO7| " ! " [ Nel95| T " |Nel89| Nel89 | Nell6 | 116
3 0.149 | 0.447|0.553|0.607 |0.640| 0.662 |0.678|0.690|0.700 | 0.707 | 0.717 | 0725
Nel39 | 7 ! ! ! ! ! ! ! Nel39 | Nel21 | Ne2
4 0.148 1 0.447|0.554|0.608|0.641| 0.663 |0.670|0.691|0.701| 0.708 | 0.711 |0.728
Nel39 | 7 ! ! ! ! ! ! ! Nel21 | Nel21 | Ne2
5 0.141 1 0.4050.511|0.567|0.602 | 0.626 |0.643|0.656 | 0.666 | 0.674 | 0.687 |0.713
NeS51 | Ne51 ! ! ! ! ! ! ! ! ! 2
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Fig. 2. Rope No. 1: 12(1-6) — 6(1+6) +o.c

b 10 20 30 40 50 60 70 80 90 100 120 P3
Ne r
0.241 1 0.533]0.636|0.689/0.712| 0.712 |0.712]0.712|0.712| 0.712 | 0.712 |0.712
Nel87 Nel
7 0.405 1 0.580|0.642|0.673/0.693| 0.706 |0.716]0.723|0.728 | 0.733 | 0.738 | 0.738
Ne 27 " " " " " i " i " No2 No2
8 0.408 1 0.584 {0.647|0.679/0.698(0.7117(0.721]0.728|0.730| 0.730 | 0.730 |0.730
Ne3 " " " " i " Ne2 " i i
9 0.483 | 0.575|0.608|0.625|0.635| 0.642 |{0.647|0.651|0.653| 0.656 | 0.659 | 0.677
Neo2 " " " " " i " i " i Nel
10 0 0.161]0.391(0.509{0.581| 0.630 |0.666|0.691|0.711| 0.728 | 0.753 | 0.788
Neo2 No2 " " " " i " i " " Nel
11 0.041 |0.432 {0.572|0.644)0.687(0.715 |0.736(0.751|0.763 |0.772 |0.778 |0.778
Neo2 No2 " " Neo§ " i " i " Ne 1 Nel
12 0.041 10.432]0.572]0.644|0.687| 0.715 |0.736|0.751|0.763 | 0.772 | 0.778 |0.778
No2 Ne2 " " Ne8 " " " " " Nel Nel
13 0 0.266|0.465(0.567{0.626| 0.670 |0.700|0.722|0.734 | 0.743 | 0.758 | 0.789
Ne 23 | Ne23 " " " " " Ne9 " " " Nel
14 0 0.22710.400(0.490{0.544| 0.580 |0.607|0.626|0.642 | 0.654 | 0.673 |0.711
Ne8 Ne8 " " " " " " " " " Nel
15 0 0.22710.400(0.490{0.544| 0.580 |0.607|0.626|0.642 | 0.654 | 0.673 | 0.711
Ne8 Ne8 " " " " " " " " " Nel
0.694 0.694
16 Nel Nel
- \ S \\~\
12_:171 . 19 >_\/ 0 ) /
127020024\ 275 (18 <. \/()
170, 026(125 ) oy —( 7 == 3 )
/[v«/lz (8 .':'_4‘ (631:—(59) : ]7 -- ] b 171 )
A4 = — G — — 58 == { h 7 Y
170/;9/-18 5: ‘_94() 7 PR35 )10, 623~(60 N 6 KN 4 /.
3 (37 _'94»(7’ \61)~ (16 < 5 P<(12)
109110, 4’ 4 —{12)  (70(71) \ L5 P 13 ]~
13 . , \
1081070111 - (6965166 4 P
1131127 32Y( 34 ff’:"zg 68 (677
- <30 (16—~
-~ 303 {315~ 35 P AT e gL -
1021041 36)-{ 26 Y~ 28 Y~ 18776\ 4w
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Fig. 3. Rope No. 11: 1+6+12
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Table 5 — Dependence of tensile forces P2 = P2 /P, of the ultimate elastic state of the ropes on the
parameter D when the load is freely suspended

D 10 20 30 40 50 60 70 80 90 100 | 120 | P4

Ne r

11 0.02 | 0.243 0.243 ] 0.243
No2 | Nel " " " " " " " " " Nel

12 0.0310.263|0.347(0.389|0.416 | 0.433 | 0.446 | 0.455 | 0.463 | 0.469 | 0.471 | 0.523
No2 | Ne2 " " " " " " " " Ne2
0.04 | 0.593 " " " " " " "

16 Noo | Neg 0.592 0.592 0.592

Let us consider the factors that affect the deformation components (17). The first component
€K, Is the stretching deformation of the wires, which is related to the stretching deformation & of

the rope. The second component i@Kegi is related to the deformation 6 of the twisting of the rope
("+ " sign for layers of wires, the direction of twisting of which coincides with the direction of
twisting 8 and the opposite sign is "-"). When the rope is stretched in the guides, regardless of the
construction of the rope, the torsional deformation 8 = 0 component §Kegi = 0. When the load is

freely suspended (Fig. 1, a) the component 5K69i depends on the construction of the rope.

In the case of free stretching of a straight rope, the constructive sign of the absence of
torsional deformation 6 is the zero value of impact stiffness, G,, = 0. The degree of torsion of the
rope is determined by the parameter [8]: ¥ = G,/maxG,, < 1, where maxG,, — is the maximum
possible value for this type of rope construction. So, for the rope No. 11 of construction 1+6+12
1 = 1 and for the rope No. 12 of construction 1- 6+12 ¢ = G,/maxG,, = 725/1230 = 0.589.

Tables 4 and 5 and Fig. 6 show a significant influence of the rope design (partly parameter)
on the force P2 of the limit elastic state with a freely suspended load. For the same ropes, the data

in Table 4 and Figs. 4 and 5 show the uniformity of the force P1 of the ultimate elastic state with
the load in the guides.

P1 ’ : : Pl — R 'yq'
07 e 0.7 — =
0,6 1 /@/—’ 06

0s By AT 0:5
A/

0,3 0,3
/ > 0,2

0,2 / i

0,1 0,1

0O 10 20 30 40 50 60 70 80 90 100 D 0 10 20 30 40 50 60 70 80 90 100 D

Fig. 4. Dependence P1(D) of double twist ropes Fig. 5. Dependence P1(D) of single twist
ropes

The component K., in the specific strain (17) represents the stretching from the bending
strain ¥ of the rope. This component is given by the parameter D and is related to interelement
friction. The mechanics of the formation of this deformation is described in [6]:

Ke, = vcos*a cosg, (25)
where v(D) — is the coefficient due to interelement friction.

We accept on the basis of [9]: v = 0.2 — 0.1 respectively for the wires of the inner and outer
layers and v = 0 for the central wires.
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Somewhat anomalous values of forces P1 and P2 are associated with this feature (v = 0)
their constant values, independent of the bending parameter D. Table 4 shows several calculation
results of this feature. Thus, for the rope No. 1 at D = 70 — 120 the independence of the force from
the bending parameter P1 = 0.765 due to the fact that the limit state is determined by the central
wire No. 2, Fig. 3, for which v = 0. A similar situation for the rope No. 8: in the interval D = 90 —
120 the force of the ultimate elastic state under load in the guides is unchanged (P1 = 0.730).

Pl
P2
=T

0,6 <

/ 5 |
04 WS e o

/ P 3

4

0.2 / | [

0 10 30 5 70 8 10D
Fig. 6. Dependence P1(D) and P1(D) of ropes 1+6+12 and 1— 6+12:
1 —ropes Nel1, 12 force P1; 2 — rope Nel12, force P2; 3 — rope Nel 1, force P2

The same peculiarity is manifested with a freely suspended load. As an example, this is
shown in Table 5 for the rope No. 11 at D = 20 — 120 (P2 = 0.243), due to the fact that the limit
state is determined by the central wire No. 1, which does not receive stretching from the bending of
the rope, v = 0.

The component EKeEi in the specific deformation (17) should take into account the stretching

of the wires from the bending deformation & of the rope in the plane orthogonal to the winding on
the drum. Such a deformation occurs with asymmetry in the cross-section of the rope, when its
impact stiffnesses G4, G,4, G34 are not zero. This happens if the wires are broken. This work does
not consider such a state.

Fig. 4 shows a graphical representation of the dependence P1(D) for the double-twist ropes
specified in Table 3 (numbers: 1; (7. 8); 6; (3, 4), 5). Fig. 5 shows a similar representation for single
winding ropes (numbers: (11, 12); 13; 10; (14, 15)).

Fig. 6 shows the dependences P1(D) and P2(D) of the limit elastic state for load schemes in
guides (Fig. 1, b) and free suspension of the load (Fig. 1, a). The graphs are constructed for ropes of
construction 1+6+12 and 1-6+12 (No. 11 and No. 12 according to Table 3).

Conclusions. Analysis of Table data 2 and 4 graphs of Fig. 4 — 6 leads to the following
conclusions.

For ropes of the same design, the relative tensile forces under loading in the guides P1 of the
limit elastic state are practically the same.

Efforts P1 differ significantly for different designs. For double-twisted ropes, at D = 10 the
greatest force value P1 has construction 12(1-6)+6(1+6)+o.c., GOST 7681-80 (No. 1 according to
Table 3). The effort P1 of this design is 3.8 times greater compared to designs No. 3, 4, 5 (GOST
7668-80 and GOST 2688-80). For other structures (No. 6 according to Table 3, GOST 7668-80
and No. (7, 8) GOST 3069-80), the forces differ by 2.2 and 1.3 times, respectively. For other
structures (No. 6 according to Table 3, GOST 7668-80 and No. (7, 8) GOST 3069-80), the forces
differ by 2.2 and 1.3 times, respectively. As the bending parameter D increases, the indicated ratios
decrease. So, at D = 20 — 120 the effort ratio P1 of the specified structures being only 1.48-1.07.
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With the bending parameter D > 120 the limit elastic force P1 (according to the load scheme

in the guides (Fig. 1, b)) is practically equal to the force P3 of the loaded straight rope in the guides
(pure stretching).
We believe that this theoretical study reveals the practical validity of the recommendations in

Germany [5] regarding the assignment of the parameter D > 100 — 120 for mine installations in
order to increase the service life of ropes.

Among single twist ropes, the design 1+6+12, GOST 3063-80 (No. 11 and No. 12 according
to Table 3) shows the greatest effort P1. In comparison with the design 1/1.9+6/1.8+12/1.8+18/1.8;
GOST 3064-80 and construction 1+7/2.4+7/1.8//7/1.8+14/2.2 (No. 14 and No. 13 according to

Table 3) the ratio of efforts P1 at D = 20 is 1.9-1.6. As the bending parameter D increases, these

ratios decrease. So, when D = 120 the effort ratio P1 is 1.15-1.03.
The smallest possible (suitable) values of the bending parameter for double-twisted ropes

D = 10 and for single-twisted ropes D = 15.
When stretching with bending in the guides, the forces P1 as well as during pure stretching

P3 are the same for single-sided and cross-winding ropes (No. 11 and No. 12 according to Table 3).

The tensile strength of the ultimate elastic state when the load is freely suspended is much
smaller compared to the load scheme in the guides, especially for torsion ropes, which makes such
structures unsuitable for such a load scheme.

Ropes with a metal core have a stress of ultimate elastic state P1 15-17% lower compared to
similar designs of ropes with organic cores.

Twisted ropes show the forces of the elastic limit state P2 when the load is freely suspended

by 1.7-2.9 times less compared to the force P1 when loaded in the guides. This indicator is
extremely important for the practice of using ropes.

We believe that the research data are appropriate in solving the issue of building a
methodology for calculating the static strength of lifting ropes based on the characteristics of their
ultimate elastic state, which will ensure stable optimality of the use of ropes.
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SAJIEKHICTD 3YCUJLJIA PO3TATI'AHHA TPAHUYHOI'O TIPYKHOI'O CTAHY
KAHATIB BIJI TAPAMETPA 3'HHAHHS HA BAPABAHI
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AHoTanis. Ha ocHOBI paHile po3po0sieHOro METOly aHaIITUYHOIO BU3HAYEHHS IPAaHUYHOIO
TPY’KHOTO CTaHy KaHATIB A0CIiKeHa 3anexHicTh P(D) 3yCHIIIs po3TSraHHs 3 HABUBAHHAM KaHATA
Ha Gapaban Bix mapamerpa D = Dy/d, (BimHOmeHHS miamerpis GapabaHa i kaHarta) B iHTepBaii
D = 10 — 120. 3anexirs P(D) BU3Hauamach JUIsi ABOX CXEM HABAHTAKCHHS KAHATY: PO3TATAHHS
KaHaTy 3 HaBUBaHHAM Ha OapabaH BIIBHO MiABIIIEHMM BAaHTAXKEM Ta PO3TATAaHHA KaHATy 3
HaBUBaHHAM Ha OapabaH BaHTaXkeM B HaNpsiMHUX. Ha 0CHOBI po3po0i1eHOro MeToy MpecTaBIeHO
sanexuicts P(D) st 16-TH KaHTAiB PisHUX KOHCTPYKIiH. 3yCHJIIS PO3TAraHHS MPEICTABICHO B
BIIHOCHIH (opmi 5(5) = P(E) /P: (P, — cymapHe pO3pHBHE 3YCHJUIA JAPOTIB KaHATY). 3yCHILIS
5(5) CYTTEBO 3aNCKHTh BiJl KOHCTPYKIIii KaHaTy i mapamerpa D srumanns. Ha mimsnmi 40 < D <
120 3ycnnnﬂﬁ(5) MOHOTOHHO HPAKTUYHO JIHIMHO 3pOCTaEe TOXOJIA4YM 10 3HAUYEHHS BiIMOBIIHOIO
PO3paxyHKOBI cXemi pO3TSAraHHS NpsAMOro KaHaTy. s pi3HMX KOHCTPYKLIH MpH MapaMmeTpi
D =40 3mina 3ycwmis AP = 0,723 — 0,578 = 0,145 npu D = 120 3ycumis AP = 0,765 —
0,677 = 0,08. Ha minanm 40 > D > 20 3a1eXKHICTD ﬁ(ﬁ) HE JIiHIiHA, TpU D = 40 3YCHILIS
AP = 0,663 — 0,418 = 0,245. Jlinsguka 20 > D > 10 XapakTepHa Pi3KOI0 3MIHOIO 3YCHILIS ﬁ(ﬁ),
pu mapamerpi 3rusanss D = 10 3yCUILIA AP = 0,416 Jlns Ginsimocri KOHCTPYKLIN KaHATIB MpH
D < 10 3ycumns 5(5) ONMM3bKiI 10 HYJIBOBUX 3HaueHb. lIpuW po3TAraHHi BUIBHO MiABIICHUM

BaHTaXEM MaJl0 KPYTHUX KaHATIB 3yCHUJUIA ﬁ(ﬁ) B 1,6 —1,7 pa3iB MeHIII B TOpIBHSAHHI 3
pO3TATraHHAM B HanpsMHUX. JlJig KaHaTiB KPYTHUX (OJJHOCTOPOHHBOT'O 3BUBAHHS) CIIBB1IHOIIECHHS
cknagae 2,5-3,4 pasu. B HOpMAaTMBHUX METOAMKAaxX pO3pPaxyHKIB MiJHIMAJIbHUX KaHAaTIB
BUKOPHCTOBYIOTbCS  XapaKTePUCTUKH P, abo P, = 0,83P;, sxi He BpaxoBYIOTb OCOOJUBOCTI
negopMyBaHHS 1 KOHCTPYKIii KaHaTiB. BBajkaemo, 1o HaBeieHa iH(opMmalis € JOUIbHOI B
BUpINIEHH] TUTaHHA MNOOYJOBM METOAMKH PO3PaXyHKY IiJHIMAIbHUX KaHATIB Ha CTaTH4YHY
MIIHICTh Ha OCHOBI XapaKTEPUCTUK IX IPAaHUYHOTO MPYXKHOTO CTaHY, IO 3a0€3MeYUTh CTAOUIbHY
ONTUMAJIbHICTh BUKOPUCTAHHS KaHATIB, I0O3BOJIUTh PAlllOHAILHO OOMpaTH BUJ KOHCTPYKIIi KaHATy
Ta oro po3mipu.

KurouoBi cioBa: kaHaT, MIIHICHI XapaKTEPUCTUKH, PO3pPaXyHKOBA CXeMa, IapameTp
3TUHAHHS IpU HaBMBaHHI Ha OapabaH, METOMKA PO3PAXyHKY HAa CTATUYHY MILIHICTb.

Cratta naaidinua no penakuii 30.07.2023
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THE USE OF MECHANICAL FILTER MODELS IN THE ANALYSIS OF FORMING
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Abstract. The paper describes the use of various types of mechanical filter models, which
are used for the analysis of the processes of formation and compaction of the construction/concrete
mixtures of building/concrete mixtures by means of vibrating fields. The values of resonant
frequencies and equivalent masses for different resonators modeling the propagation in the latter of
vibrating-wave formations have been established. The analysis of the influence of a vibrating field on
the processes of formation and compaction of concrete/concrete mixtures in this study is based on the
methods of mathematical physics, classical variation calculus, physics of oscillations and waves and
methodology of solution of ordinary differential equations and partial differential equations. The
conditions and main integral characteristics of resonance phenomena, the possibility of occurrence of
which is conditioned by: 1) the geometry of the initial boundary-edge problem (it is The so-called
"geometric resonances" of the considered system with distributed parameters simulating the mixture
to be processed); 2) the working rheological model of the mixture involved in the study (these are the
so-called "rheological resonances").

The approach developed and scientifically substantiated in this work allows us to establish the
main parameters and opportunities for the use of energy-saving modes of operation of vibration
systems intended for the formation and vibration compaction of the above mixtures. The results
obtained in the work The results obtained can be further used to clarify and
Improvement of existing engineering methods of calculation of vibration systems for the formation
and compaction of concrete/concrete mixtures in order to optimize the operating modes of their
functioning both at the design stage and in the modes of real operation.

Keywords: modeling, mechanical filters, vibration resonators, analysis, formation processes,
compaction, construction and concrete mixtures, vibration field, resonances, equivalent masses.

Problem formulation. Mechanical circuit diagrams are quite often used in modeling the
compaction and forming processes of concrete/construction mixtures. In particular, equivalent
circuits simplify the calculation process or make the operation of mechanical filters more
understandable [1]. Say, the distributed mechanical circuit of a piezoceramic transducer operating on
flexural vibrations is often transformed in scientific research into a mechanical circuit with
concentrated elements formed by springs and masses. The mechanical circuit is then converted into
its electrical counterpart. The conversion from a plate resonator to a system of masses and springs
simplifies the circuit, but this conversion is not exact. A plate resonator has an infinite number of
natural frequencies, while the number of resonances of an equivalent circuit with concentrated
parameters is determined by the number of springs, masses, and the way they are connected. Since
mechanical filters are devices with a narrow frequency bandwidth, this fact does not cause large
errors, and equivalent circuits with concentrated elements are very useful.
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The second type of equivalent circuits are electrical analogs of mechanical circuits. This
equivalence promotes understanding and facilitates the analysis of not only the converter but also the
entire filter. In the initial stage of system design, the filter user may deal with the mechanical filter as
if it were a LC — filter, or more generally, a resonator stage circuit. Let us first consider mechanical
schematic diagrams and the very subject of analogies and equivalent circuits.

Both mechanical circuit diagrams and mechanical analogies may be used to describe physical
systems. Mechanical circuit diagrams may have concentrated elements, such as masses and springs,
or capacitances and inductances, or transmission lines (elements with common parameters), which
are characterized by wave impedance and propagation constant (wave propagation).

Mathematical modeling of such systems can be expressed through differential equations or
equations of change of state. In all cases, the starting point is a physical system, which in turn is
expressed by a kinematic scheme [1].

A kinematic diagram is simply a representation in the form of a drawing of the main features of
a real device. It is most often used to describe a mechanical device and acts as a bridge between the
real device and its mechanical circuit diagram.

For example, the simplest kinematic diagram of a mechanical single resonance filter has the
form of a mass M, which is connected to a stiffness spring K, and to this mass is connected in parallel
damping element D.

The resonant frequency of such a system is determined from the relation:

Q:2nf:«/K/M : 1)
where: Q is cyclical, f — linear frequency.

The equivalent mass of such a system is the apparent mass of the resonator measured at a point
on the resonator and in a particular direction. In other words, we have replaced the resonator with a
spring-mass combination that has the same resistance near the resonant frequency. The equation of

. dx
state for the resonator through the force is F and velocity X = E , Where X —displacement of mass
M in space, t —is time, written as:
. . K . -
F=JoMx+| — |- X+Dx, J©=-1. )
Jo

The differential equation (essentially a Proportional-Integral-Differential (PID) controller
equation for force F at its harmonic variation in time) will have the form:

Fsinoot:M%+K.[>'(dt+D>'<. 3)
dt
Proceeding from equation (2), after passing to complex variables (find X(t) =X, exp( j(ot) ),

one has:

. F(t

X(t) = (2 - ()

(jooM +—+ Dj
[

Resonance value X, will be under the condition of the minimum value of the denominator of
formula (4), namely, when:

joM +j£m:0<:>mreS:Qresz\/%; X (t)=F(t)/D. (5)

Consequently, such a simple model of the mechanical system exhibits resonant properties and
has a resonant frequency ®,,, =€2,.. Note that the circuit diagram (for such a kinematic scheme)
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turns into three in parallel: mass M, stiffness K, and damping element D. In the electromechanical
analogy, the equivalent of velocity becomes voltage V and force becomes current 1. Therefore,
writing (2) and (3) in electrical quantities, we obtain:

| = joCV +(¥ joL )V +GV ; (6)
|sin@t:cd—v+1jwt+ev, (7)
dt L

where: G is permeability, L — inductiveness, C — capacitance. Therefore, the following equivalence of
mechanical and electrical parameters arises: M <>C; D<>G; K< L™,

Quite often in the literature, researchers also use longitudinal oscillation resonator models.

In the case when one of the resonator dimensions becomes much larger than the other two, the
vibration types are simplified and become ideal types of longitudinal compression-extension
vibrations. The wave equation for such vibrations of rods and strips have second order with respect to

the length coordinate, i.e.:
E) é°u o
o) o o ©

where: U(X,t) — moving the section point with the coordinate X, at a point in time t, p —
material density, E — is the elasticity modulus of this material. After introducing complex variables,
we consider that u= A-exp(iat), where i=-1, ® — is the cyclic frequency of oscillations. Then

from (8) we have:
E) o°u
— | — =—0u. (9)
p ) OX
We find the solution of (9) in the form:
u(x)= Asinkx + Bcoskx, (10)
where: X — distance from the rod end, K — is the wave propagation constant in the rod. We consider

that the ends of the rod oscillate freely, then we have for the constants undefined in (10) A and B
two boundary conditions if the rod has finite length | :

(LI ; u =0. (11)
OX x=0 OX x=I
Substituting (10) into the first limiting condition, we obtain:
A=0. (12)
Therefore,
u(x)=Bcoskx. (13)
From the second boundary condition (11) we have:
sin(kl)=0. (14)
Equation (14) is the resulting frequency equation and has the following roots:
k,=nm, n=1,2,3,..(neN). (15)

Next, we establish the relationship between and frequency by substituting the solution (13) into
the wave equation (9) and differentiating the left part by X. After contracting the value cos(kx)
one obtains:

k=w-p/E, (16)

that is, we obtain the so-called dispersion equation of the resonator. Note that the phase
velocity of the waveforms:

38 Modern construction and architecture, 2023, no. 5, page 36-51



BUILDING STRUCTURES

e

Vphase = Vp = 9 = (_j ) (17)

k \p
and the group velocity of wave formation:
12

d E

Vgroup = Vg = - = (_j ) (18)
dk P

independent of frequency w, and therefore the longitudinal type of oscillations is nondispersive.
Then we substitute the values K from (15) into the dispersion equation (16); this gives us a relation
for determining the resonant frequencies of the rod:

O N)E
fo=on (zJ M),neN. (19)

For each mode of wave formations in the rod by substituting the value of Kk from (15) into
equation (13) the distribution of displacements can be found u (X) The result is:

u(x)= Bcos(n“%). (20)

The above approaches known in the scientific literature are used in this study.

Analyzing the study's publications. Rheological models of media to which
concrete/construction mixtures belong are considered in [2-13], and the idea of using models of
mechanical filters to analyze wave processes and determine the integral characteristics of mixtures
(concrete or construction) is presented in [1]. However, the authors of these works practically do not
investigate exactly the resonance properties of their proposed rheological models of media that
support wave formation of various types (in particular, longitudinal waves). Therefore, this particular
study is devoted to the problem of determining possible resonance phenomena (geometric and
rheological) and the conditions for their occurrence in media that are treated by vibratory fields.
Concrete/construction mixtures belong to such media.

The aim of the work is to establish the conditions and characteristics of resonances that are
possible in concrete/construction mixtures when studying the processes of their vibration compaction
and formation within the framework of classical rheological models of visco-elastic-plastic media in
the presence of longitudinal wave formation in the latter. To achieve the goal of this work, the model
of a rod supporting longitudinal wave formation is used.

Research Methodology. The following methods are chosen as research techniques: 1) models
and mathematical apparatus of solid deformed body mechanics; 2) methods of solving differential
equations describing linear wave processes in visco-elastic deformed bodies (in the presence of various
dissipation mechanisms); 3) methods of mathematical physics; 4) methods and models of linear
acoustics used in the analysis of impedance (including resonance) properties of media supporting
waves of different physical nature; 5) discrete-continuum models and methods of analyzing linearly
deformed media (including resonance) properties of media supporting waves of different physical
nature; 6) discrete-continuum models and methods for analyzing linearly deformed media.

Outlining the main content of the study. Let us consider wave formation in a rod of finite
length, when it is necessary to take into account dissipative processes that occur in this rod. It should
be noted that the rod model is popular in studies of vibration compaction of concrete mixtures.

1. Investigation of absolute (in time) stability of wave formation in the rod.

Proceeding from (16), we feed the dispersion relation as follows:

~\Y2
® E - - ~ i
—=|=| ,0=0'+i0",i*=-1 E=E'+iE", (21)
k (p

where: @' — characterizes the frequency of wave propagation in the rod material, ®" —
characterizes the attenuation of this wave formation in time t (specifically, (") = 744, Where 44
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— time period for which the amplitude of wave formation decays in the € -times), E' — characterizes
the elastic properties of the rod (its material), E” — its dissipative properties, with K we shall
hereinafter understand the expression K., ne N (15). For the wave formation to be absolutely

stable, i.e., not increasing with time, it is necessary that the ®” > 0. (It should be noted that, '
describes the so-called frequency of (cyclic) filling of wave formation, and the true frequency of
wave formation € is expressed as follows:

1/2

! 2 4 2
Q={(e) - (")}, (22)
that is, in fact, ' characterizes the frequency (cyclic) of wave propagation in the rod (in its
material) in the absence of dissipative processes — that is, we mean a rod of ideal material (in which

there is no dissipation).
Relationship (21) can be represented as follows:

P PEr—— %
(co+loo):(E +|EJ | 23
k p

n

The solution of this equation in the complex plane allows us to write the following (for each n -
mode of wave formation):

, 12 1/2
P 2 N2 | 4 r o 2
o, = (EKLJ J{E_] LS I S S RO (24)
p 2 yo, 4 p 2
2\? 2 4 Y2 2 v
0)::: Ek_” + E_ k_” _Ek_n , neN. (25)
p 2 p 4 p 2
Expressions (24), (25) taking into account (15) can be presented as follows:
!’ 2 4 2 1/2\1/2
o e [(EY (B
0, =—=-1—+ , heN, (26)
V2l | p P
12 N Y2

, [(E')2+(E")2] E
SNGT p p

“

For the value Q2 we have the following expression (exact formula):

nt | E’ v

o ="TIEL hen. (28)
I Lp

We further consider that the deformation £(t) and o(t) — stresses related to each other by

the linear Hooke's law, which takes into account dissipative processes in the rod material:
2

o=(E'+iE")-& oo =g-y(E') +(E") (29)

where: (GO , 80) — stress and strain amplitudes, provided that G(t) and change over time as

> ,neN. (27)

follows: s(t) =g, Sinot; G(t) = GOSin((Dt + (p); tgp = (%j (30)
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For the time variations given by (30) € and & let us calculate the work done by the wave
formation/vibrations in the rod material during the time t (per unit area of the cross section of therod S ):

t t t
A= _[ods = WG,g, -{coscp-_[(sincot -cosot )dt +sin(p-jsin2cotdt} =
0 0 0

(31)
=U + Dt,
where: U — fully recoverable work of elastic forces, which can be written as follows:
U =04, -[O,SCOS(p-sinzw +0,25sin@-sin Z\V], ¢ =ot; (32)
and D the following relationship can be found:
D =0,5004¢, -sing. (33)
In essence Dt is irreversible/unrecoverable work per unit time.
The power of elastic forces can be found as follows:
du i
s =0,500¢, -sin (2wt +¢). (34)

From (34) it can be seen that the maximum values of the elastic force power reach at the
moments of time t”, which can be found from the ratio:

203t*+q):g+2ﬁn, A=012, ... (35)
For t* one has:
[d_Uj =0,5m00¢,. (36)
dt J, ..
Maximum value U is achieved under the condition:
2y =mt—Q. (37)
In this case we have:
1
U = 7500 (1+cosg). (38)

If we introduce the concept of inverse goodness of fit ( Qfl) as the ratio of the energy that is
dissipated during the time when the phase of wave formation/vibration changes by 1 radian to the

maximum value of free energy in the oscillation cycle (period of this cycle T = 21 O)), and take into
account that the change ' by one radian occurs in the time ( %) ), then you can have it:
D 0,500,¢,SIN @ 2sing

Q= - - —2.tg2.  (39)
OU o w-icoso-(1+008(p) (1+cose) 2

Since tgop = EyE’ , with (39) one has:

14 ! 2
Q_l=—2-(5j+2- (%j +1. (40)

Expression, for Q*1 (40) is exact, but ¢ << 1 one can write:
1 2sing _2sing
1+coso 2

"

:Sin(pztg(p=E. (41)
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D gains maximum value when:
Sin(p=1:>q):g. (42)

Then:
Q*'=2, (43)
and: E" >> E’.
Also, it follows from relation (42) that: E" >> E’. (44)
Then for €2 one gets the equality (28), which will be accurate for the resonant frequency of

the waveformation/vibration propagating in the rod material. In this sense, such a frequency of wave
formation can be called the resonant frequency, since it is at this frequency that the maximum energy

absorption by the rod material from the existing wave formations in it occurs.For ® and ! one
can obtain:

12
nm "
®, = O = -{E } : (45)
J2 1 p
So, the wave formation in the rod, which leads to the maximum absorption by its material of the
energy of this wave formation, has all the features of a dissipative wave, with a "resonant” (in this

sense of maximum absorption) frequency (28), the filling frequency of the envelope of this wave @,

(45) and amplitude, which decreases in time (envelope wave) according to the law proportional to
exp(—ap -t) . Moreover, as the mode number increases, this damping of the envelope wave increases.

Practically, only the first and second modes are excited, since all higher modes (in terms of the mode

number N) will quickly decay. Therefore, the conclusion is as follows: in a rod of finite length |
only a few dissipative waveforms are excited, which have the following parameters:

Y2 12
n=123 O =%, E L@ RO~ {E” } . (46)
1 \/_I P

Models of elastic-plastic material (rod) in the theory of internal friction are considered in detail

by the author [2], where the values of the E" and E” for many such models. The vast majority of
works on amplitude-dependent friction, particularly in metals, are devoted to the study of harmonic or
near-harmonic deformation laws (such as the one discussed above). This applies equally to both
experimental and theoretical works. The main reason preventing the theoretical study of nonharmonic
motions relevant for applied problems is the lack of an analytical expression for the external (forced)
force at an arbitrary deformation law in time. Note that the available expressions of this force [2, 3]
refer exclusively to the harmonic law of change of deformation, and it is not clear how to define or
remake these dependencies so that they appear to be valid under an arbitrary law. At the same time,
the ideas necessary for this purpose have been expressed in the literature.

In 1938, N.N. Davydenkov on the basis of the experimental works carried out at that time and at
that level put forward a hypothesis according to which internal friction at significant material stresses
is an effect of microplastic deformations. Even a direct indication that internal friction should be
studied using the equations of Mises-Henky plasticity theory is known. However, this rational idea
was realized by N.N. Davydenkov only for the case of cyclic deformation under uniaxial stress state
and with a partial view of the material loading curve. As a result, the well-known formula of the
hysteresis loop was proposed, according to which the energy losses in the material per oscillation
cycle depend according to the step law on the amplitude of deformation or stress.

This view of the main role of the theory of plasticity for the applied theory of energy dissipation
is explicitly or implicitly shared by many modern authors. Thus, the formula of N.N. Davydenkov
and its generalization are intensively used in the studies of G.S. Pisarenko and other members of the
Kiev school. The same formula was the basis for the creation of simpler applied theories of internal
friction, of which the theory of J.G. Panovka is the most widespread.
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The direct use of the equations of plasticity theory to analyze internal friction under uniaxial
stress state and again for harmonic deformation was carried out by E.S. Sorokin in 1960 [2].

Thus, the most popular formulas of the theory of energy dissipation under intense stresses are
based on the ideas of the theory of plasticity [2].

The fruitfulness of this approach also manifests itself in the fact that it is possible to
unambiguously solve one more important problem for the applied theory of energy dissipation —
generalization to the case of a complex stress state. The fact that this problem is relevant for the
theory of energy dissipation is evidenced by direct indications in the book [2] and numerous ways of
its solution exactly for the case of harmonic oscillations. In the literature it was suggested to carry out
this generalization by methods of the theory of linear viscoelasticity [3], with the help of the
superposition principle, using the hypothesis that the energy dissipation in a unit volume per
oscillation cycle depends on the amplitude value of the potential energy density and, finally, by
methods of the theory of plasticity . Only the last of these methods can be correctly generalized to
nonharmonic motions [2, 3].

Let us dwell on the question of choosing the variant of plasticity theory that is suitable for the
description of internal friction. The point of view of N.N. Davydenkov was mentioned above,
according to which the amplitude-dependent internal friction represents the effect of microplastic
deformations. Microplastic deformations are understood as such plastic deformations that occur at
any stress level, including stresses less than the macroscopic yield strength of the material. From this
point of view, the application of the theory of microplastic deformations by V.V. Novozhilov and Yu.
Novozhilov and Y.l. Kadashevich, where, for example, the simplest of the microplasticity theories —
the theory of elastic-plastic bodies — is systematically used, and the general theory of plasticity with
linear hardening (which can be used to describe the cyclic deformation of concrete/construction
mixtures) is considered in the works of this author.

In the following we will use expressions for E” and E”, which follow, in particular, from the
consideration of the uniaxial stressed state of the material in the framework of the models of A.Y.
Ishlinsky, E.S. Sorokin [2], G.S. Pisarenko, and Y.G. Panovka.

For the main parameters of wave formations arising in the rod material when dissipation

processes are taken into account (f)n, @, @ (46))and (Q, (28)), (@ (26),®" (27)), one should
determine E" and E” — parameters of the complex modulus of elasticity (at known E — Young's
modulus of the material, its density p geometric length of the rod | ) for different models of

visco-elastic-plastic materials. We have the following results:
a) A.Y. Ishlinsky's model:

E'=E(1-ra"); E"=Ega“, (47)
where notations are introduced:
2H o aH a+l1 3 4
r=———-n%g=—-n"-Bl —,—, [,n=—, (48)
(2+0a) 2 2 "2 n
a — amplitude of cyclic (harmonic) deformation of materia, B — Euler's beta

function, ( H, OL) > 0 — some positive constants describing the distribution function of defects in the
region of their small values:
F(h)=Hh?, (49)
where: h — dimensionless yield strength of the rod material;
b) E.S. Sorokin's model [2]:

2
E':E-w E'-E.— 7V (50)

L+r214) L+s218)
where: y = y(a) — dissipation parameter (dissipation coefficient, characterizing the ratio of
energy quantity AW , which is dissipated in the rod material during its oscillation cycle, to W — of
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all elastic energy stored in the rod material during the oscillation cycle, i.e. y :AW/\N ). As a
general rule 0 <y <<1, therefore we can write:
E'~ E(1—y2/2), E"~Ey. (51)
c) G.S. Pisarenko's model:
{E':E-(l—r-a“), E"= E-g-a“}<:> E’:E—é-E”;

52
r_n2?" [G(n+1/2)F (2)

g (n-1) GE@2n+1)
Note that in contrast to the model of A.Y. Ishlinsky, in the model of G.S. Pisarenko another

r
value of — . In (52) G (z) — gamma function of the argument Z.

In A.Y. Ishlinsky's model we have:

1 3\
£=4-[a(2+a)-8(&,—ﬂ . (53)
g 2 2
d) Y.G. Panovka's model:

E'=E, E"=Ega“. (54)
In [3] it is shown that the theories of G.S. Pisarenko, Y.G. Panovk and A.Yu. Ishlinsky lead to

practically the same results, and the existing differences in the formulas for the E' and E” caused
by different methods of averaging and linearization.

2. Investigation of convective (in space) stability of wave formations in a rod. We consider (in the
field of complex quantities) the deformation, which propagates in the rod, as a quantity proportional to

exp {i ((Dt — Enx)} , Where En = kr: + ikr': ,0X — axis along which the deformation wave propagates

in the rod (thus ® — purely real value). For this deformation wave to be convectively stable, i.e., not
growing in space along the propagation axis, the condition must be fulfilled:

k"<O. (55)
To determine K’ and K it is necessary to solve the dispersion equation in the complex plane:
N2
® E'+iIE"
’ n' P ! (56)
k' +ik’ p

Physical meaning K/ is that this quantity characterizes the wave vector of wave formation

propagating in the rod material, and (k:)_l — at what length along the axis of the rod the amplitude

Ox of wave formation in space decreases to e — times.
For convectively stable wave formation we have:
1/2

e ] S GG

1/2
2
" CO !/ " !
k! =— 2P -[\/(E)2+(E)2—E} . (58)
2 (E) +(E") |
3. Equivalent mass and the method of its calculation.
The equivalent mass (of a resonator) is defined as the equivalent distributed parameter of a rod
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or plate, concentrated at a given point and determined for a particular natural frequency. In other
words, we replace the equivalent transmission line circuit described above with a mass and spring that
are resonant at frequency.

One method of finding the equivalent mass of a resonator that oscillates in the longitudinal direction
is to calculate the kinetic energy, which is the product of the mass by half the square of the velocity in a
given direction and at a given point [1]. This is a consequence of the fact that the kinetic energy of the rod
IS invariant, that is, the kinetic energy is independent of the point or direction of reference chosen to
calculate the equivalent mass. Thus, it is possible to equate the Kinetic energy in a spring-mass system to

that of the rod resonator. From equation (13) and equation V, = du (x) / dt gives:
[
1 Mequx V2 :1.'[(VO -coskpX)? - p- Sdx, (59)
2 2 9

where: Mgqyx — equivalent mass in point X, linked to velocity V, in the direction of axis X.

V, is the velocity at the point X=0, p — core material density, S — is the cross-sectional area.
Therefore, the equivalent mass reduced to the ends of the rod is equal to:

|
;-p-S-VOZ -E[(cos2 knx)jx

M eqv0,l = 1 5 | (60)
=V
2
and after substitutionk_ = nrt/l in (60) and integration:
Mequo = 2-1-S/2=Mg /2. (61)

Consequently, the equivalent mass given to the end of a longitudinally vibrating resonator in
the direction of the plate or rod axis is simply half its static mass (Mg =p-S-1).

Example. We solve the problem of finding the fundamental resonance frequency and
equivalent mass of a longitudinal oscillating resonator with length,

| =(..3)m, S =0,4m?, p=2-10%kg/m°.
Table 1 shows the values of the first resonant frequency, which is expressed by relation (19), for
different grades of concrete (M200...M800), as well as the value of the Meqo, for different .

Table 1 — Value of the first resonant frequency f,, Hz and Meqvo,i » K3,
for different grades of concrete and different resonator lengths |, m

Type E N /m2 —Pa I ’m;/Mequ,I ) kg
of concrete | =1m; 400 kg | =2m; 800 kg | =3m; 1200 kg

M200 2-107 50 Hz 25 Hz 17 Hz
M300 3-10’ 61 Hz 30.5 Hz 20.3 Hz
M400 4-10’ 70.7 Hz 35.4 Hz 23.6 Hz
M500 5-10° 79.1 Hz 39.6 Hz 26.4 Hz
M600 6-10" 86.6 Hz 43.3 Hz 28.9 Hz
M700 7-10° 93.5 Hz 46.8 Hz 31.2 Hz
M800 8107 100 Hz 50 Hz 33 Hz

Formula (19) allows us to state that for the longitudinal wave resonators we have resonances at
frequencies corresponding to the half-wave resonator, since wavelength 2, and the length of the

resonator | are related by the relations:
ﬂw(n) :2_71': 27 2l n E (62)

=—, n:—-VW, VW: ,

ky (n-z/l) n 21 P
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where: v,, — propagation velocity of the longitudinal wave in the resonator. Knowing f_ with (62)

(they correspond to the conditions of excitation of standing waves and "resonances™ of the half-wave
resonator), it is possible to create conditions under which effectively, at these frequencies

(n=1,2,3,...), where an integer number of half-waves is inserted, will be absorbed by the resonator
material the energy from wave formation, which propagates in it. Let us finally consider the solution
for the case of a non-thin rod. First we define the effective radius Iy of a rod resonator whose cross
section is rectangular with sides: b — width, h — height:

bh

nri =bh < r, =, [—. (63)
n
Consider the case when the radius ry >0.1-4,(", that is:
2l 0,21
rs >01.-—=——,n=123,... (64)
n n

In this case, the rod cannot be considered thin and a correction factor must be introduced into
the wave equation. Relay [2] and Maison [3] showed that the displacement along the axis of the rod is
expressed in the form:

u, =2z(r)-sin(k,x), (65)
where z(r) — distance function r from the axis of the rod. At resonant frequencies f,

constant dissemination K = nn/l ,neN,and ﬂw(”) is found from (62). Taking into account only

the main correction, which leaves only the compression-expansion inertia in the direction
perpendicular to the rod axis, the frequency equation takes the following form:

2

n E numr,

=D B (66)
21 \p 2

where: u —Poisson's ratio. The frequency equation transforms into the thin rod equation (equation (19))

when r; —0 . Meson showed that when the rod diameter is very large. d

(defs =21 >>0.1-4,,™) the higher order terms should be included in equation (66). From the point of

view of calculating the equivalent mass, the effect of transverse inertia (i.e., the effect of taking into
account the kinetic energy associated with motion in the direction perpendicular to the axis of the rod) is
to increase this mass with respect to the value determined by the relation (61). The reason for the
increase is as follows: the kinetic energy associated with oscillations along the axis is slightly less than
the total kinetic energy of the rod (the numerator of relation (60), which determines the equivalent mass).
Accordingly, the ratio of the total energy to the term in the denominator, which consists of the square of
the velocity in the direction of the axis, increases. On the contrary, the equivalent mass in the direction
perpendicular to the axis decreases when the ratio of the diameter to the term in the denominator is

(d. ) to the length increases (assuming that the static mass remains constant).

Let us consider further the influence of boundary conditions on the formation of the spectrum of
natural frequencies of the resonator.

A. Both ends of the rod (X = 0; X =) free of stress:

o _au
ox x=0 ox x=I
B. Both ends of the rod (X =0; X =1) are fixed:

=0<3fn=%‘vw:£‘ E, neN. (67)

n n |E
U|X:0=U|X:|=0<:>fn=§'Vw=—' —, neN. (68)
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C. One end of the rod is fixed and the other end is stress free:

ou (2n-1) (2n-1) |E

= — :0 f = . = . —_—

Yo =5 7O =T W

Consequently, the first two types of boundary conditions (67), (68) lead to the frequency
(eigenfrequency) spectrum of the half-wave resonator, and conditions (69) lead to the frequency

(eigenfrequency) spectrum of the quarter-wave resonator. f_, except for the geometric dimensions

, neN. (69)

of the resonator (I,r, ) is also determined by the density of the rod material (o) and its elastic

properties (Young's modulus — E ). Note that Meqvo,i remains the same regardless of the boundary

conditions and is described by (61).
4. Resonance properties of linear viscoelastic bodies.
4.1. Maxwell's viscoelastic fluid.
Defining dependence o, (&, ) gives:
b= Gyt oy, iy =deldt, Gy =doy (70)
Ec v
where: Eg — Young’s modulus of elasticity, 1, — coefficient of (bulk) viscosity.

With (o, &)~ exp(iat), i2=-1 from (70) one obtains:

2 .
ingzi'ia)O'X-i-i'O'X@O'X: (a) ZIEG)"?X 5+ I'(Z)/UV)'&‘X 5 (71)
Ec My @/ny ) +(@lEg)  Un ) +(0/Eg)
Let us introduce the complex modulus of elasticity E by ratios:
-~ 2 .
E:E!+iEn; Er: (az) /EG) 2’ E”: (za) UV) 5 (72)
Wny ) +(0/Eg) Wy ) +(0/Eg)

Physical meaning of the dynamic modulus of elasticity E’ (which coincides in phase with the
applied strain €, ) is that it characterizes the elastic dynamic properties of a material that is in a
harmonic deformation field.

Physical meaning of the dynamic loss modulus E” (which lags in phase from the applied strain
€, atan angle @) is that the tangent of the angle of loss ¢ or dissipative factor (ratio of mechanical

energy dissipated during one cycle to the stored energy) is determined by the alternation between E”
and E':
tgo=E"/E'<¢p=arctg(E"/E’). (73)

Since E" = E”((D), then its maximum value determines the "resonance frequency" at which

the maximum amount of mechanical energy is absorbed during 1 cycle of oscillations. We call this
"resonance frequency" based on the rheological model adopted for the study. It may differ from the
"resonance frequency", which is caused by boundary conditions and dimensions, density and the
given material as a half-wave or quarter-wave resonator specified above (formulas (67)-(69)). Studies
show that such "rheological resonance frequency" within the framework of Maxwell's model for the

medium has the form:
Wres™=+Eg /1y (74)
4.2. The Kelvin-Feugt elastically coherent body.

oy =Eg-ex+my-éx; E'=Eg; E"=w-n,. (75)
From the last expression in (75) it can be seen that the "rheological resonance frequency” for
this model lies at infinity, i.e:

®.. —> 0. (76)

res

Modern construction and architecture, 2023, no. 5, page 36-51

47



48

BUILDING STRUCTURES

4.3. Poynting-Thomson elastically coherent body (A.Yu. Ishlinsky).
Ux+dx’7re=EG'(5x+éx'fsl)’ (77)
where: 7, = (15, /Ep )— time of relaxation, E,, — modulus of elasticity in the viscous piston

branch; z, =M-n\,— during sliding.

Em Eo
For this model we have:
. Eg -(1+a)2 ‘Tre‘Tsl). v Egro-(tg —7pe)
E'— ) Tre I, gro sl —re) (78)
1+ 0% -7p¢") 1+ -7p¢")
Ores™ =110 =Ep /7y (79)
4.4. Ziner's elastically coherent body [2].
- = PN ~ (EG+Ef)
Oy +0y Tre = Eg '(5x + &y 'Tsl); Tre Zg_v; Tgl=—=—— "N\, (80)
f Ec-E¢

where: E ¢ — elastic modulus of the branch parallel to the viscous piston branch; Eg— elastic

modulus of the branch, which is connected in series with two parallel branches (viscous piston and
elastic branch with E¢ ).

For this model we have:

E'— IgG -(1+a)2 T ';re). E"— IgG ‘w'(;sl _;re)_ (81)
1+ ? 7re?) 1+ ? 7re?)
Opes*=1/7re =E¢ I7y. (82)

4.5 Brankov elastic-viscous body [4].
This rheological model consists of three parallel branches (connected in parallel), to which a
fourth branch with a purely elastic element having an elastic modulus is connected in series Eg . In the

first of the parallel branches there are elasticities with modulus of elasticity E,,, which is connected in
series with a viscous piston 1, . The second of the parallel branches contains only a viscous piston m. .
In the third of the parallel branches there is a purely elastic element with modulus of elasticity E .

The constitutive equation for the (rheological) Brankov model has the form [4]:

a6, +a,6, +a,0, =bE +bé +he,, (83)
where:
14 E "
6, =d20, 1d2; & —d2e, [dt%; ag=— D . azz(i+ 1Bt j
E " E " E
NESILT PO SR )
v Eg-my Em Em m,

The values of the real and imaginary parts of the elastic modulus in the Brankov model are follows:

B [(—oazb1_+ b3) : (—o)za1 + a3)+_032a2b2} |

E = : (84)
) (—aim2 + a3)2 +ale?

o [(—alb_2 +a,b ) +(agb, - a_2b3)co] -
“ (-a0”+ a3)2 + i’

Since E”((D) — 0 with ®—> 0 and ®—> o0, then E"(co) there exists an extremum (like a

*

maximum), which determines the ®,,, for this model. Finding ( ®,

) we need to solve the equation:
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d{E"(m)}/dco:O. (86)

It can be shown that equation (86) with respect to o of the third degree:
Az +Bz*+Cz'+ D=0, z=0", (87)
where: A, é, (.:,, D - coefficients, ~which are expressed in terms of

a;, j=(13), b, k=(1,3). Equation (87) can be solved using Cardano's formula. In this case,

one of the possible valid (positive) solutions of this equation (87) will be the one that corresponds to
the case: the (cubic) equation has three roots, of which one is valid and two are complex-conjugate.
To establish and determine this real root it is necessary to investigate this cubic equation according to
standard methods. (This solution is not given here because it is rather cumbersome).

5. Resonance properties of linear viscoelastic bodies, which are described by defining

dependencies o, (&, ) integrally.
5.1. Buergers model. As per [5-8] the rheological properties of asphalt concrete are well
described by the so-called Biirgers model, which consists of two successively connected links: the

Maxwell model and the Kelvin-Feugt model [2]. The differential equations relating stress and strain
for the Biirgers model are of the form [8]:

m-c's+[1+5+&j-c+5-Icsdt:112s'~:+Ezg. (88)

E, S L P

If we differentiate by t (88), then we obtain:
&-6+(1+5+&)-6+5-0:n25+Ezé, (89)
E, S n

where: (T]l, E1) — coefficient of dynamic viscosity and modulus of elasticity of the link, which

corresponds to the Maxwell model; (1’]2, Ez) — dynamic viscosity coefficient and elastic modulus of

the link, which corresponds to the Kelvin-Foigt model. This Biirgers model fits into the reasoning of
Sect. 4.5 related to the elastic-viscous body of Brankov [4], and therefore it also has an extremum of

the maximum type for the E"( ) and sets @,
5.2. Brankow's model of 7., << 7g (6y << Eg - &y).

Single integration over t of the rheological law describing the deformation processes of the
Brankov body [4], provided that r,, <<z (relaxation time/duration is much smaller than the

time/duration of the creep process), allows us to present this model of body deformation as an integral
one, and in differential form it will already look as follows:

a6, +a,0, =bg, +be +be , (90)
where all coefficients (90) a,,a,,b,,b,, b, introduced in 4.5 above.
Let's define for this model oo’;es. According to [4], in order for the rheological model to make
physical sense of the degree polynomials of the differential operators ¢, and €, must either
coincide, or for €, be 1 more than for G, .

The analysis shows that for this case. ®,,, — .

Findings:

1. In this study, the conditions of occurrence and the main integral characteristics of resonance
phenomena (of geometric and rheological types) that are possible in the processes of
vibro-compaction and formation of concrete/construction mixtures, which are modeled by
visco-elastic-plastic rods of finite length, are determined. The (classical) rheological models known
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in the scientific literature, which are scientifically valid and widely used, are used.

2. The results obtained in the paper can be further used to refine and improve the existing
engineering methods of calculation of vibration systems for compaction of concrete/construction
mixtures both at the design stage and during their actual operation. In addition, such an approach in the
technologies of formation and vibration compaction of concrete/construction mixtures will be useful in
establishing the conditions of energy-saving functioning and modes of operation of such systems.

References

[1] R. Dzhonson, Mekhanycheskye fyltry v elektronyke. M.: Myr, 1986.

[2] E.S. Sorokyn, K teoryy vnutrenneho trenyia pry kolebanyiakh upruhykh system. M.:
Hosstroiyzdat, 1960.

[3] V.S. Postnykov, Vnutrennee trenye v metallakh. M.: Metallurhyia, 19609.

[4] D. Kolarov, A. Baltov, N. Boncheva, Mekhanyka plastycheskykh sred. M.: Myr, 1979.

[5] Konstruyrovanye y raschet nezhestkykh dorozhnykh odezhd. Pod red. N.N. Yvanova. M.:
Transport, 1973.

[6] Z.P. Shulman, Ya.N. Kovalev, E.A. Zaltsyndler, Reofyzyka konhlomeratnykh materyalov.
Mynsk: Nauka y tekhnyka, 1978.

[7] V.O. Bohomolov, V.K. Zhdaniuk, V.M. Riapukhin, S.V. Bohomolov, "Reolohichna model
roboty asfaltobetonu pry styskanni”, Avtoshliakhovyk Ukrainy, no. 3, pp. 34-37, 2010.

[8] R. Sheremeta, "Ohliad reolohichnykh modelei”, Visnyk Lvivskoho natsionalnoho
ahrarnoho un-tu. Ahroinzhenerni doslidzhennia, no. 22, pp. 22-30, 2021.

[9] D.V. Savielov, "Doslidzhennia rezhymu roboty dynamichnoi systemy «vibratsiina plyta —
polimernyi beton» pid chas poverkhnevoho ushchilnennia®, Vibratsii v tekhnitsi ta
tekhnolohiiakh, no. 4(103), pp. 33-40, 2021.

[10] A.H. Maslov, D.V. Savelov, "Teoretichne viznachennya zakonomirnosti zmini napruzhen,
yaki vinikayut u polimernomu betoni pri jogo ushchilnenni vibracijnoyu plitoyu",
Transactions of Kremenchuk Mykhailo Ostrohradskyi National University, Issue 4/2021
(129), pp. 135-141, 2021. https://doi.org/10.30929/1995- 0519.2021.4.135-141.

[11] O. Maslov, D. Savielov, Y. Salenko, M. Javadova, "Theoretical Study of the Dynamic
System «Vibration Platform — Polymer Concrete» Stress—Strain State”, Proceedings of the
3rd International Conference on Building Innovations. ICBI 2020. Lecture Notes in Civil
Engineering, vol. 181, pp. 191-201, 2022. https://doi.org/10.1007/978-3-030-85043- 2_19.

[12] N.M. Sudarshan, Rao T. Chandrashekar, "Vibration Impact on Fresh Concrete of
Conventional and UHPFRC", International Journal of Applied Engineering Research, vol.
12, pp. 1683-1690, 2017.

[13] H.B. Koh, D. Yeoh, S. Shahidan, "Effect of revibration on the compressive strength and
surface hardness of concrete”, IOP Conf. Series: Materials Science and Engineering, vol.
271, 012057, pp. 1-6, 2017.

Modern construction and architecture, 2023, no. 5, page 36-51



BUILDING STRUCTURES

BUKOPUCTAHHA MOJIEJIE MEXAHIYHUX ®LJIBTPIB Y AHAJI3I ITPOLIECIB
®OPMYBAHHSA TA YIIIJIbHEHHSA BYIBEJIbHUX/BETOHHUX CYMIIIENA
BIBPAIIIMHUM IIOJIEM

Yook 10.B., X.T.H., IOIICHT,

ychovnyuk@ukr.net, ORCID: 0000-0002-0608-0203

1HpHﬁMa‘leHK0 O.B., x.T.H., IOIICHT,

pryimachenko.ov@knuba.edu.ua, ORCID: 0000-0001-5125-847
1‘Iepemliqemco ILIL., noueHT,

petro_che@ukr.net, ORCID: 0000-0001-7161-661X

1OCTaHyIHeHKO O.I1., x.T.H., TOIICHT,

olga_ost_17@ukr.net, ORCID: 0000-0001-8114-349X

YKuiscoruii Hayionanvnuii ynisepcumem 6yoisHuymea ma apximexmypu
[oBiTpodnorcekuii np., 31, m. Kuis, 03037, Vkpaina

AHoTauis. Bukopuctani Mmoieni MexaHI4HUX (PUIBTPIB PI3HUX THUIIIB, SIKi 3aCTOCOBYIOTHCS IS
aHaizy mporeciB (GopMyBaHHS Ta YIHIUIbHEHHS OyAiBelIbHUX/OETOHHUX CyMillIel 3a JOMOMOTOI0
BiOpamiitHux mojiB. BcTaHOBIEeHI 3HAu€HHS PE30HAHCHUX YacTOT Ta EKBIBAJICHTHUX Mac s
PI3HOMaHITHHX PE30HATOPIB, 110 MOJIEIIOIOTH PO3MOBCIO/KEHHS Y OCTaHHIX BiOpaIiitHO-XBHILOBUX
YTBOpPEHB. Y OCHOBY aHaIi3y BIUIMBY BiOpaIfiifHOro moJjs Ha mpouecy (popMyBaHHS Ta YIIUTbHEHHS
0eTOHHUX/OYIIBETbHUX CyMillIel y JAHOMY JTOCITiKCHHI IMOKJIaJICHI METOIM MaTeMaTUIHOl (Di3uKH,
KJIACUYHOTO BapialliiHOTO 4YHUCIIEHHS, (I3UKM KOJMBAaHb 1 XBWJIb Ta METOMOJIOTIS PO3B’SI3KY
3BHYAHUX JU(EpeHIiaNbHuX PIBHSAHb ¥ MudepeHliaTbHUX pPIBHSAHb Y YAaCTUHHUX MOXITHUX.
BcraHoBieHI YMOBHM Ta OCHOBHI IHTETpajibHI XapaKTEPUCTUKU PE30HAHCHUX SIBUIL, MOKJIHMBICTh
BUHUKHEHHSI KOTpUX 00yMOBIIeHa: 1) reoMeTpiero MOCTaBIeHOI MOYaTKOBO-KpailoBoi 3a/1a4i (11e Tak
3BaHI «€OMETPUYHI PE30HAHCH» PO3TIISAAYBAHOI CHCTEMH 3 PO3MOJUICHUMH IMapaMeTpamH, II0
MOJIeNII0e 00pOoOIIOBaHy CyMilll); 2) 3aiTHOI0 Y JOCIHIKEHHI POO0YOI0 PEOJIOTIYHOK MOJIEIUTIO
cymii (Ile Tak 3BaHI «PEoJOriuHi pe3oHaHcu»). Po3BUHYTHH 1 HAYyKOBO OOIpYHTOBAaHUM y poOOTi
MiAX17 J03BOJIsIE BCTAHOBUTH OCHOBHI MapaMeTpH 1 MOXIMBOCTI BUKOPUCTAHHS €HEProOIIaJHUX
pexuMiB (QYHKILIOHYBaHHS BIOpallIliHUX CUCTEM, MpU3HAYEHUX A (GopMyBaHHS il BiOpaiiifHOrO
YIIUIbHEHHS BKa3aHUX Bulle cyMimei. OTpuMani y poOOoTi pe3yabTaTH MOKYTh OYTH Yy OaIbIIOMY
BUKOPHUCTAH1 JUIsl YTOYHEHHS M BJOCKOHAJEHHS ICHYIOUMX IHXKEHEPHHUX METOJIB PO3pPaxyHKY
BiOpalifHUX cucTeM st (OpMyBaHHS W YIIIIbHEHHS OETOHHMX/OYAIBETbHUX CyMIllIed 3 METOo
onTuMizalii poOouux pexuMiB iX (YHKIIOHYBAaHHS SK Ha CTajil MPOEKTYBaHH, TaK 1 y pexXuMax
peanbHOi eKCIuTyaTarii.

KurouoBi ciioBa: MoientoBaHHs, MEXaHI4H1 PUIBTPU, PE30HATOPU KOJIMBAHb, aHAI3, TIPOIIECH
¢bopMyBaHHS, YIIUIbHEHHS, OyaAiBeNbHI Ta O€TOHHI cyMmimn, BiOpamiiiHe TmoJe, Pe30HaHCH,
€KBI1BaJICHTH1 MacH.
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Abstract. During the operation of overhead cranes, pendulum oscillations of the payload are
often observed, which causes uneven movement of these cranes, their trolleys, loads on the ropes
and power elements of the cranes, which, in turn, create various inconveniences during their
operation, reduce the reliability of the functioning of both the crane as a whole and its individual
elements. It is clear that all of these factors must be taken into account in the refined calculations of
cranes (especially in the modes of their optimal (with the minimum driving force required for this)
start/braking).

The paper uses a standard methodology and scheme for calculating pendulum oscillations of a
payload on the cables of an overhead crane, which are usually carried out within a two-mass model
of a crane system. Further refinements and improvements to the above methodology have been
made on the basis of a well-founded generalized force criterion for the quality of crane movement.
The dependencies describing the law of motion of the crane system and the law of change in time of
the applied driving force during the startup/braking stages were obtained, which satisfy the above-
mentioned power criterion and ensure high-quality (smooth) movement of the system during its
startup or braking.

The law of motion of the crane rotation mechanism (crane drive) at its stopping, as well as the
law of motion of the cargo at its lifting by the corresponding crane mechanism and sharp braking, at
which the dynamic loads in the drive and in the crane rope, respectively, are minimized, is
established. The results obtained in the work can be further used to clarify and improve the existing
engineering methods for calculating the start-up modes of overhead cranes both at the stages of
their design and in the modes of real operation.

Keywords: improvement, generalized force criterion, optimization, motion modes, starting,
braking, overhead cranes, two-axle model.

Introduction. During the operation of overhead travelling cranes the oscillations of load are
observed which cause unequal motion of overhead travelling cranes or their trolleys, additional
loads on the power elements of these cranes, create inconveniences in their operation, which, of
course, must be carefully considered in refined calculations of both cranes themselves and
(mechatronic) control systems by them.

The existing methods of the analysis of forced (including pendulum) oscillations of cargo on the
ropes according to the classical scheme of the mathematical analysis and the simplest model of the
crane system (two-mass) for different laws of change in time (t) of the driving/forced force (F(t))
require, in the opinion of the authors of this investigation, further specification and perfection with the
purpose of optimization (minimization of force and kinematic characteristics of motion) as the control
systems of cranes at their start/braking, as well as the search of new economically proved methods.
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Analysis of the latest research sources and publications. The calculation of load
oscillations is usually carried out according to the simplest scheme of two-mass system [1-14], at
that, considering that angle of ropes deflection from vertical does not exceed 10° ... 12° (so called
small oscillations). It is also considered that the period of pendulum oscillations of load on flexible
ropes is more or the same order as the period of acceleration (braking) of the crane, and the driving
force of the driving motor of the travel mechanism is constant and equal to the average starting
(braking) value [8, 9].

To substantiate the force (generalized) criterion for quality of motion of an overhead crane in
start-up/braking modes, the approach of the authors [1, 14] has been applied. In addition, the results
of research of the authors [15] have been used in the paper.

Aim and objectives. The aim of this paper consists in substantiation of the kinematic-force
criterion (generalized) for optimization of modes and quality of bridge crane movements under their
start/braking which provides high quality of such movements (minimization of kinematic and force
characteristics of movements) as well as in definition of values of the specified parameters and
duration of transients for these (stated by this investigation) optimal modes of such crane systems
functioning.

Research methodology. We have used the apparatus of mathematical physics, methods of the
classical calculus of variations and methods of the solution of the ordinary linear differential
equations.

Statement of basic contents of research. In [8, 9] it has been established that within the
framework of two-mass model of the bridge crane (“cargo™ — "load carriage”, connected by a rope),
the swinging of cargo at start-up/braking is described by the following equation:

X+’ x=(P-W)/my, (1)
where: X is the horizontal movement of the load relative to the moving point of the load suspended
(m,+m,)-g

on the rope to the load carriage; @ = — natural frequency of pendulum oscillations of

m, - H
the crane's load during the acceleration period; g=9.81 m/s® — acceleration of free fall; m; — mass of the
crane or trolley, given to translational motion of the crane or trolley; m, — mass of the load; H — length
of the ropes; P — total traction/braking force of the crane or trolley drive wheels; W — resistance force
to movement of the crane or trolley; x =x; —x», where are horizontal displacements of masses m1 and
my, respectively. It should be noted that in equation (1) the specified variant of motion of the load
carriage and the load on the rope, when (x; —X,) = x>0 otherwise the sign in front of the force W is
reversed, i.e. at x<0 (X, > % ). Assuming that the drag force against the movement of the crane or

trolley is the Coulomb (dry) friction force, it can be added in general as follows:
F,,. =-W -sign(X; —Xp) =-W -sign(x), W >0. (@)
(It is clear that in notation (2) F,, . multiplier W denotes the amplitude of the dry friction

force). At zero initial conditions:
Xe_o =X_o =0- (3)

solution (1) has the form [8, 9]:

Xx=A-(1-cosat), A=(P-W)-H/[g-(m +m,)]. 4
After acceleration to a steady-state movement of the trolley with constant speed V
(X1|t=tn =V) the load must have zero velocity (the vibrations disappear >‘<2|t:tn =0), where t;—is

the duration of the start-up process, so we have:
tztn :)(Xl—X2)|t:tn =V -0=V. (5)

This condition makes it easy to determine t;:
X = (Xg — %), x|t:tn =V. (6)
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Given (4), we have:

X=w-A-sinat =V = w- A-sin(at ;). @)
Hence:
t;; =1/ w)-arcsinV /(A- w)). (8)
The path the trolley will take in time t;; can be found from the relation [8, 9]:
my-%3+C- (X —Xp,)=P-W, c=my-g/H. 9)
Then for %; (9) we have:
X1 =(P-W)-c-x=(P-W)-c-A-(1l—cosat). (10)
Then at zero initial conditions for x, :
X1|t=0 - X1|t=o =0, (11)

from (10) it is easy to obtain the distance L that the crane trolley travels to reach a steady state (with
speed V=const.) at the end of the acceleration period (t=t;; ):

2
_(P—W—c-A>'tH2+C'A{ 1_(Lj 1} -

X
thet, 2 2 Ao

In order to find the minimum effective motive force F¢™) to accelerate the system and reach

a steady speed V, the following criterion for the quality of motion of the crane trolley during the
acceleration period must be fulfilled:

ff P-W .
Fe ):(m—):mm, (13)
1
which is equivalent to the condition:
Y et P
j {Frfﬁ )} dt = min, (14)
0
or, using equation (1), criterion (14) can be represented as:
ty
I(X+w2-x)2dt:>min. (15)
0
Criterion (15) can be realized if the law of motion satisfies the Euler-Poisson equation:
xV) 1202 %+ 0% x=0. (16)
Solve (16) under the following initial and final conditions:
X =X =0; >'('|t:tn =0; X|t:t,7 =V, (17)
as follows:
X(t) =Cy -sinat +C, -cosat +Cg - t-sinat +Cy -t-cOSat. (18)

Undefined constants C;, i =(1.4), we find from conditions (17), then we have:
Cy,=0; w-C;+Cy=0;
@-Cq-cosat;y +Cs-(sinat; + wtyy -cosaty;) +Cy - (COSat; —atyy -Sinat) =V; (19)
~w? -Cq-sinat +C3-{2a)-cosa)tn —w? A7 -sina)tn}+C4 -{f2a)-sin atpy —w? 7 -cosa)tn}z 0.
As a result of solving the system of equations (19) with respect to C;, i = (1_4) by Cramer's
rule we have:
V - (sinaty; +aty; -cosat; ).
(sin2 0.9y + 0’ -tnz) ’
V -(2cosat;; —atyy -sinat )
Ca= -2 2 . 2 '
lsin? ety + 02 1,2

C2 ZO; C1=—C4/a); C3=

(20)
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The law of optimum (in the sense of the motion quality criterion (13)-(15)) motion x(t)
becomes:

X(t) =Cq-sinat+Cz-t-sinat+Cy -t-cosat. (21)
The law of optimum load carriage movement takes on the following form:

X =(P-W)t- C{Cla)_l -(1-cosat)+ C3[—t ‘ot -cosat+ 2 sin a)t]+ C{lsin at+ Cosza)t - w‘z}} +Cq.
@ 0]

(22)

Given the initial conditions (11) for ¢; we have a ratio:
C, =0. (23)
The final optimum time variation of the load carriage speed Vpogie =X (t) OVer the run-up
period (0<t<t ) takes the following form:

Xgopt(t) = (P—W) .t—ﬁ-{cl(l—coswt)+c3(—tcosa>t+ sinat, +C4(tsina>t+ cosat —m_lJ}. (24)
w (0] w

Optimum law of motion of the trolley in time t xq (t) = xyopt(t) assumes the following form:

t+25ina)t
_W)-t2 i N 2 || —
Xq t(t)=w—c- G t—M +& —Zcoswt+i—£-sina)t +& ® o +Cy. (25)
op 2 ® ) o 0 @t o o| t cosat

[0
Using the initial conditions (11) for C=2 we have the following relationship:

C,=0. (26)
Therefore, finally, the law of motion of the trolley in time t when the motion quality criteria

(13) -(15) are fulfilled is as follows:
&(t‘M}% _2c0sat 2t L
(P—W)t2 @ @ @ w° w®
X1opt(t) = —F——-c¢- .
2 04( t  2sinat t J
+—| - —+——————cosat
w [} @ )

(27)

The equivalent scheme for calculation of dynamic loads arising at stopping of crane rotation
mechanisms can be presented in the form of a single-mass system with a walled elastic link [3].
Applying the D’ Alamber principle it is easy to see that the motion of such a system is described by
a differential equation:

J-g+c-p=M,, p=dp/dt?, (28)
where: J — the reduced moment of inertia of the crane rotating mechanism (e.g. moment of inertia
of the mechanism drive or moment of inertia of the machine/crane rotating part), ¢ — twisting angle
of the elastic link, ¢'— is the angular stiffness of the elastic link, M~ driving torque. This

equation (28) can be reduced to the following:

G+k2-p=My/J, k?=c'l3. (29)
Integrating the last equation (29) over time for the initial conditions:
¢|t:0 =M p Ic, ¢|t:0 = w, (30)
where: @ — is the circular speed of the mechanism, we shall have:
go:%-sinktJrMp/c’. (31)

The corresponding dynamic load of the crane rotating mechanism (torque from elastic forces)
is defined as the product of the elastic deformation ¢ ) of the machine to its angular stiffness ¢’:
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M,:=0Tw-sinkt+Mp<:>M,:=a)-\/c'-J-sinkt+Mp. (32)
The maximum dynamic load is:
MEmax =@-Vc'-J + My, (33)
This load occurs at points in time t,, :
n
tnz{(—ﬂ w2 ”}, nen. (34)

In order to reduce the aforementioned dynamic loads during the time that the locking process
lasts 7| (meaning t [0,7]), determine the law of motion ¢(t), at which the quality criterion for this

movement will be met:
1 7
I = |=[(c" ¢)?dt = min. (35)
Z'| 0

The physical meaning of the motion quality criterion (35) is that its implementation
minimizes the mean-square dynamic load on the crane mechanism which takes part in the rotary
movement during the time that the stopping process lasts.

Using equation (29), criterion (35) can be represented as follows:

|=\/{i} i-Tf(Mp/J—¢)2dt:min. (36)
0

k2] 7
A prerequisite for realizing this criterion (provided that M, =const) is the Euler-Poisson
equation:
o) =0, (37)

We will search for the solution of equation (37) under the following initial/end (so-called
terminal) conditions, which make physical sense and follow from the adopted model of motion:

Plio=Mp/c; ¢l_g=a @,_,=0. ¢|t:r| =0. (38)
Let's feed the solution of equation (37) as a cubic spline on t:
p(t)=ag+ay -t+a, 12 +ag-t°. (39)

Uncertain constants (ag,a;,a,az) are easily found from (39) and the terminal conditions
(38). We have:
a=Mp/c; ay=w, a,=0; ag=-wl(3-7,%). (40)
So, the law of motion ¢(t), at which the quality of movement criterion is realized | (35),
(36), is of the form:

3
o) =Mp/c'+o-t-2L (41)
37
|
Value Mg (t) for the law of motion ¢(t) (41) takes on the following meanings:
¢ o td
Me(®)=My+c" o t- > (42)
3.7y

So, first of all, the advantage of the law of motion of the system (41) as compared to (31) is
that the dynamic loads on the crane system (42) have a smooth character over time rather than
oscillating as in (32).

Its maximum value Mg (t) (42) acquires at a point in time t =z; and amounts to:

M,:rmszer%-C'-a)-q. (43)
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Of course, under such circumstances, the value of Mg, decreases compared to (33),

because by improving the locking mechanism (e.g. by using mechatronic control systems for this
process), it is possible to reduce significantly z; (7; —0)and it always becomes an attainable

condition:

2 7
2 K <1 (44)
That is, if the condition is met (44) Mgy (43) is less than Mgy (33). This is another
advantage of the mode of motion (41) in comparison with the mode of motion (31).
It should be noted that in the most general case this is the total reduced moment of inertia of

all the moving parts of the crane drive located between the motor and the crane actuator, and M, —

the torque created by the crane motor.

If a safety coupling is installed in the crane drive, then the calculation scheme and all the
above defined dependencies remain the same when the coupling is activated, but the value is equal
to the total reduced moment of inertia of only those drive elements which are placed between the
coupling slave part and the actuator of the crane mechanism (rotation), and the value M is equal

to the moment at which the coupling slips.
The formulas (31) to (33) can also be used to determine the dynamic loads (on the rope) when
the crane hoist is suddenly braked [3]. For this purpose, instead of M, the static moment from the

drag force (load), and for forward motion of the mass m, — static load (weight Gy=mg-g,
g =9.81u/c?); in the latter case the dynamic force F is determined according to the formula [3]:

Fz%-sinﬂHGo, (45)

where: S =./co/mgy; co— the stiffness of the crane rope material;v— lifting speed of the crane

(normalized parameter).
To optimize the dynamic loads on the crane rope during sudden braking (braking time is z,

meaning te[0,z,]) The above approach and considerations regarding the lifting mechanism of the
crane (namely, to minimize the above loads) can be applied Mg, Mg 1y, but already for F, Fpy,

and make the following replacements:

C' o Coim e Vik > 5,0 MM <> Goip Y9 <> Y7 <> 7. (46)
(46) Y,Y — symbolize the upward movement along the rope axis and the acceleration along this
direction, respectively.

Conclusions:

1. Improved generalized force criterion for optimizing crane movements (start-up) is justified,
minimizing the driving force during the transition process.

2. The law of a crane trolley movement and the law of change in time of its speed, which
enable to fulfil the above criterion, have been determined analytically.

3. The law of motion of the crane rotation mechanism (drive of the crane) at its stopping and
the law of motion of the cargo at its lifting by the proper mechanism of the crane and abrupt braking
at which dynamic loads in the drive and in the crane rope are minimized, respectively, has been
established.

3. The results obtained in the work can be further used to clarify and improve the existing
engineering methods for calculating the starting modes of overhead cranes both at the stages of their
design and in the modes of actual operation.
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Anotanis. [Ipu poOOTIi MOCTOBUX KpaHIB 4acTO CHOCTEPIraloThCs MASTHUKOBI KOJIWUBAaHHS
BAaHTAXYy, IO € MPUYUHOK HEPIBHOMIPHOTO pPyXy BKa3aHMX KpaHIB, 1X BaHTAKHHUX Bi3KiB,
HAaBaHTA)XCHb Ha KaHATH Ta CHJIOBI CIEMEHTH KPaHiB, SKi, y CBOIO 4epry, CTBOPIOIOTH PI3HOMAaHITHI
HE3PYYHOCTI IPH iX eKCIUTyaTarlii, 3SMEHIIYIOTh HaIIHHICTh (YHKIIOHYBAHHS SK KpaHy y IIOMY,
Tak 1 HOro OKpPeMHX EJIEMEHTIB. 3p0o3yMuIO, IO BCi IIi (aKTOpU HEOOXITHO BPaxXOBYBATH IIPH
YTOYHEHUX PpO3paxyHKaxX KpaHiB (0COOJMBO B peXHMaxX iX ONTHMAIBHOrO (3 MiHIMAIbHOKO
HEOOX1THOIO JUIS IOTO PYIIIHHO CUIIOK0) MTYCKY/TaIbMyBaHHS ).

Y po0oTi BUKOpHCTaHa CTaHAApTHA METOJIMKA Ta CXeMa PO3PAXyHKY MAsTHUKOBUX KOJIMBAaHb
BaHT@)Xy HAa KaHAaTaX MOCTOBOTO KpaHy, SKi IPOBOJSATHCS 3a3BHYail y MeXax ABOMAcOBOI MOJEINi
KpaHOBOI CHCTeMHU. 3MiIICHEHI MOJaiblli YTOYHEHHS W BJIOCKOHAJIEHHS BKA3aHOI BHILE METOJUKH
Ha OCHOBI OOTPYHTOBAaHOTO Y3araJlLHGHOTO CHJIOBOI'O KPHUTEPII0 SKOCTI pyxy KpaHy. OTpumani
3aJIe)KHOCTI, 110 OMUCYIOTh 3aKOH PyXy KPaHOBOI CHCTEMHU Ta 3aKOH 3MIHM Y 4aci MpPUKIAIEHOi
pyLIiHOI CHJIM Ha eTamax MyCKYy/TaJlbMyBaHHsS, IO 3aJ0BOJBHSIOTH BHUIIEC3TAJaHUN CHUIIOBHMA
KpUTepil 1 3a0e3neuyroTh AKICHUH (TJIABHHUI ) PyX CUCTEMH Y MEpioJ 1i MyCKY YU rajbMyBaHHS.

BcraHoBlieHHMiI 3aKOH pyXy MexaHi3My oOepTaHHS KpaHa (IIpUBOAY KpaHa) IMpU HOTO
CTOIOPiHHI, a TAKOXX 3aKOH PYyXy BaHTaXy MPHU HOro MigidoMi BIAMOBIIHMM MEXaHi3MOM KpaHa
pI3KOMY raJlbMyBaHHI, 3@ SIKMX MIHIMI3YIOTbCS JMHaMI4HI HaBaHTAXXEHHsI y NMPUBOJI Ta y KaHaTl
KpaHa, BiAmoBimHO. OTpuMaHi y poOOTi pe3yibTaTd MOXKYTh OYTH y MOAANBIIOMY BUKOPHCTaHI
3aJUIs1 YTOUHEHHS W BJIOCKOHAJIEHHS ICHYIOUMX IHXEHEPHUX METOIB PO3PaXyHKY PEKUMIB ITYCKY
MOCTOBHUX KPaHiB SIK Ha e€Tarnax iX MpoeKTyBaHHsI, TaK 1 y peKUMax peaqbHOi eKCIITyaTallii.

Kurouosi ciioBa: BIOCKOHAJIEHHS, y3araJlbHEHUH CUJIOBUM KpUTEpiM, onTUMI3allis, PeKUMU
pyXy, MyCK, TalbMYyBaHHs, MOCTOBI KpaHH, TBOMAacoBa MOJIEIb.
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Abstract. The most important components of comfortable conditions for people on the
premises of residential and public buildings are thermal (temperature) and acoustic comfort. By the
regulatory documents of Ukraine, high requirements are imposed on the thermal and sound
insulation qualities of external and internal building envelopes, especially on interfloor floors.
While the problem of insufficient thermal protection primarily concerns floors over cold basements
and passageways, poor sound insulation of floors is a problem for all apartments in high-rise
buildings. This article analyzes the causes of acoustic discomfort in buildings. A person indoors is
exposed to three types of noise: airborne, impact, and structural. The most difficult problem to solve
IS an impact noise through the floors. It is emphasized that despite the different noise sources, the
mechanisms of propagation of structural and impact noise are similar — through the structural
elements of the building. Therefore, measures to reduce impact noise can simultaneously reduce the
level of structural noise. The most common methods of reducing sound transmission through floors
are analyzed. It is proposed to replace the conventional screed in the floor structure with a heat and
sound-insulating screed based on a gypsum-cement-pozzolana binder. This paper considers only an
acoustic aspect of the problem. According to the theory of acoustic dissipation, it is assumed that
the effect of sound energy dissipation is enhanced by the introduction of aggregates into the
mixture, which increases the number of structural heterogeneities and interfaces. The aggregates
used in the mixture are expanded polystyrene granules, cork chips, and granular waste from the
production of foam glass. In order to experimentally verify this assumption, laboratory methods and
devices were developed for a comparative assessment of the soundproofing properties of the
developed compositions. Based on the results of measuring the acoustic properties of the
prototypes, experimental and statistical (ES) models were constructed, and the best combinations of
mixture components were determined in terms of sound insulation. ES models of noise properties
were used in the multi-criteria optimization of the composition of the composite mixture.

Keywords: interfloor floors, floors, acoustics, impact sound, sound insulation, acoustic
measurements, planed experiment, modeling.

Introduction. An important task of civil engineering is to provide comfortable conditions for
people to stay in buildings. The main components of a comfortable stay of people in residential and
public buildings are thermal (temperature) and acoustic comfort. In accordance with the regulatory
documents of Ukraine [1-3], rather high requirements are imposed on the thermal and sound
insulation qualities of external and internal building envelopes, especially on interfloor floors.
Insufficient thermal insulation of floors leads to increased heat loss and higher heating costs. If
insufficient thermal protection is manifested primarily in rooms with floors over cold basements or
passageways, then acoustic discomfort as a result of poor sound insulation of interfloor floors in
residential buildings, especially from impact noise, is a problem for all apartments in high-rise
buildings [4].

Despite the differences in the physical phenomena of heat and sound transmission through
building structures, a significant improvement in the thermal and sound insulation of floors can be
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achieved by using special materials with a set of specified properties as floor substrates. The
requirements for such materials for some properties are multidirectional, for example, improving
sound insulation characteristics by increasing density is accompanied by a deterioration in thermal
protection properties. While meeting the requirements of standards for a number of other important
properties such as strength, moisture resistance, shrinkage, and fire safety, these materials must also
be environmentally friendly and inexpensive.

These requirements are met by water-resistant gypsum-based composite materials, a
distinctive feature of which is the consideration of the physical and chemical capabilities of each of
the components of building mixtures, their interaction with each other and their predominant
influence on certain operational and technological characteristics. Synthesis of a suitable material
under many non-coincident conditions is a non-trivial but important task of construction materials
science. Thus, the development of a composition of multicomponent gypsum-containing materials
for floor substrates with an optimal set of operational and technological properties is an urgent task.
This paper considers one of the aspects of creating comfortable indoor conditions — providing
acoustic protection against the penetration of airborne noise and, especially, impact noise through
the floors.

Analysis of recent research and publications. The problem of heat and sound insulation of
not only interfloor floors, but also other building envelopes, both external and internal — walls,
partitions, windows and doors — arose with the beginning of mass construction of panel and block
buildings using large-sized precast concrete products, in particular, floor slabs [5]. The first Soviet
projects of that time included gypsum slabs, and sometimes panels the size of an entire room, which
were laid on the floor under a screed. They served as soundproofing and, partially, thermal
insulation of the floors, and they did their job quite well. The disadvantage of such gypsum bases
was their low water resistance. Plumbing accidents and flooding of the premises with water during
firefighting led to soaking of the gypsum bases, loss of strength, cracking, and loss of sound
insulation properties. During the renovation, these slabs were dismantled to increase the height of
the room, and the sound insulation was completely eliminated. Another solution to the problem of
soundproofing the floors was the installation of floors with elastic gaskets. As a material for elastic
pads, products made of silicate fibers (glass, mineral) were used, which were intended mainly for
thermal insulation purposes. The main disadvantage of all these products as elastic gaskets is their
high compressibility during operation [6]. The problem of sound insulation of premises became
especially acute with the advent of frame-monolithic buildings, where, in an effort to reduce the
weight of structures, the thickness of floors and partitions was reduced to the minimum permissible
strength. This has led to a decrease in the soundproofing properties of the enclosures and a sharp
increase in complaints from residents about increased noise in their apartments.

There are three types of acoustic impact on humans indoors: airborne noise, impact noise, and
structural noise. Airborne noise is noise that spreads through the air, such as loud conversation,
media devices, traffic noise, and the operation of machinery under the window. Impact noise is any
impact that is perceived by a building structure element and propagates through the premises over a
wide area — the sound of heels on a tiled floor, a nail being driven into a wall, a hammer drill, etc.
Structural noise is caused by the vibration of communications in the building — the "growling" of
the water supply system, the noise of water running down, the operation of elevator equipment,
knocks in ventilation shafts, etc. It should be noted that, despite the different noise sources, the
mechanism of structural noise propagation is similar to the mechanism of impact noise propagation
(Fig. 1) — through the structural elements of the building [7]. Therefore, measures to reduce impact
noise can simultaneously reduce the level of structural noise.

The sound insulation of the floor is mainly affected by the value of the total mass of 1 m?* of
the interfloor ceiling with the floor, and if it is greater than 350 kg/m?, the required sound insulation
of airborne noise is generally provided [8]. For impact noise insulation, the mass of the floor is also
important, but to meet the standards, it must be several times greater than for airborne noise
standards, which is neither technically nor economically feasible. In this case, it is more efficient to
use special floor structures [9].
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Fig. 1. Scheme of impact noise transmission

Typically, a common floor structure for panel buildings includes the following elements (Fig. 2):
coating, screed, and a reinforced concrete slab base.

1 2 3

e

Let us take a closer look at layer 2 — the screed as an element of the floor structure, which is
most appropriate to use as a soundproofing base. A screed is a layer that levels the floor surface and
also serves to create a flat surface for the coating. Depending on the materials used, screeds are
divided into solid (monolithic) and prefabricated.

The composition of solid screeds includes: cement-sand mortars, concrete, expanded clay
concrete, gypsum concrete, and cement fiber. Almost all of these types of screeds can be used as
self-leveling screeds. A self-leveling screed is a ready-mix that, after pouring, self-distributes and
levels without the need for additional leveling or adjustment, making the installation process faster
and easier. In flooring technologies with prefabricated screeds, the following materials are mainly
used: fiberboard, chipboard, gypsum fiber sheets and plywood.

The list of screeds used shows that their functions do not include the formation of thermal and
acoustic protection of the floor.

Existing solutions for soundproofing floors are mainly constructive in nature. To increase the
sound insulation of building envelopes, multilayer structures are used - floating floors, suspended
ceilings, with the use of elastic roll materials [10]. Obviously, the most effective is the sound
insulation of structures from the side of the noise source. However, it is practically impossible to
implement sound insulation measures in existing buildings in operation, since they are of no interest
to the occupants of the "noisy" upper floors. Therefore, measures for acoustic protection of
premises should be provided for at the design stage and implemented during construction, or
reconstruction and overhaul.

It is possible to provide both heat and sound insulation properties of floor substrates using
special materials and technologies.

In particular, materials with low thermal conductivity, such as extruded polystyrene foam
(XPS), extruded polyurethane foam (XPU) or mineral wool, can be used for thermal protection.
These materials can be laid under the screed.

For soundproofing, materials such as acoustic mineral wool boards, gypsum board, or rubber
mats can be used, which can be placed either under the screed or under the floor covering.
However, the above recommendations imply the use of leveling screeds in any case.

Fig. 2. Elements of the floor structure:
1 — reinforced concrete slab; 2 — screed (underlying
layer); 3 — coating
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In view of the above, it may be considered productive to replace a conventional screed, such
as a cement-sand screed, with a heat and sound insulating base for the final coating. It is proposed
to use environmentally friendly and energy-efficient building gypsum as the main binder, but not in
its pure form, but to increase water resistance, in the form of a gypsum-cement-pozzolan mixture
with the addition of ash as a pozzolanic additive. To impart heat and sound insulating properties,
expanded polystyrene granules, cork chips, and granular waste from the production of foam glass
were introduced into the mixture [11]. It is technologically and economically feasible to make such
screeds from self-leveling mixtures, adjusting the setting time over time by means of additives.

The assumption that the introduction of aggregates with soundproofing properties into the
mixture should improve the acoustic characteristics of the flooring is based on the theory of
acoustic dissipation, which explains the attenuation of sound waves in the propagation medium by
the conversion of sound energy into heat energy as a result of molecular friction during the process
of scattering on small inhomogeneities [12]. This process occurs in all environments, but its
intensity depends on the properties of the environment and the frequency of sound waves. For
example, air has a low capacity for acoustic dissipation, so sound energy in air is not actively
converted into heat. However, in denser environments, such as concrete, acoustic dissipation is
more pronounced, leading to a more intense conversion of sound energy into heat. It can be
assumed that the introduction of aggregates into the mixture increases the number of structural
inhomogeneities and interfaces, which, according to the theory of acoustic dissipation, enhances the
effect of sound energy dissipation and, consequently, its absorption by the material.

Purpose and objectives. The aim of the study is to substantiate the choice of methods for
determining the acoustic properties of materials developed as heat and sound insulating floor bases
and to analyze the effect of various aggregates on sound insulation properties.

It should be noted that standard methods for measuring airborne and impact noise are
designed to study real structures with regulation of the size of the rooms separated by these
structures and a certain standard set of equipment [13].

Thus, it can be concluded that there is currently no standardized, generally accepted
methodology for determining the soundproofing properties of materials in the form of samples of
the compositions being developed. Consequently, there is a need to develop a methodology and
laboratory equipment for determining the acoustic properties of samples of relatively small sizes
made in large quantities, for example, during planned experiments [14]. Obviously, the results
obtained in this way will not correspond to standard sound insulation indicators. However, these
results may well be used for a comparative assessment of the sound insulation properties of an array
of prototypes of experimental compositions and the selection of the best ones according to the
specified quality criteria.

Research methods and materials. The following methods and experimental setups were
used to determine the characteristics of airborne and impact noise.

Airborne noise. During laboratory measurements, the soundproofing ability of the material of
the samples against airborne noise is taken as the sound transmission, which is the ratio of the
power of sound energy that passed through the sample to the power of energy incident on it.

The experimental setup for measuring sound transmission (Fig. 3) is a chamber with wooden
walls, separated by a partition with a slot for installing the sample. To eliminate the indirect
transmission of sound through the walls of the chamber, its interior is filled with soundproofing
material, and the outer walls of the chamber are also covered with it from the outside.

To study the sound processes, we used the Spectralab program, which allows us to measure
the spectral power of sound, both at individual frequencies and integral. The sound power
corresponding to the voltage of the alternating component at the sound card input in millivolts was
determined without the sample Efal and with the sample Etrans. The sound transmission coefficient

was defined as Kair noise = Efal/Etrans.
The determination was performed at different frequencies — from 100 to 2000 Hz. Each
experiment was performed three times with the sample reinstalled, and the results were then averaged.

Modern construction and architecture, 2023, no. 5, page 60-68

63



64

BUILDING MATERIALS AND TECHNIQUES

e
AOZ
3

Fig. 3. Device for measuring the sound transmission coefficient:
1 — sound generator; 2 — sound chamber; 3 — sound emitter (speaker); 4 — dynamic
microphone; 5 — test sample; 6 — computer with sound card

Impact noise. The proposed method for determining the soundproofing ability of a material
uses the effect of converting the kinetic energy of a metal ball falling vertically from a constant
height onto an impact surface that contacts the test sample and simulates a finish coating into an
electrical signal measured by a computer. A diagram of the test setup is shown in Fig. 4.

OF

Fig. 4. Device for measuring impact sound:
1 — metal ball; 2 — shutter mechanism; 3 — guide tube; 4 — laboratory tripod; 5 — impact surface;
6 — test sample; 7 — sound chamber; 8 — dynamic microphone; 9 — soundproofing filling; 10 —
laptop with sound input (sound card)

In this case, the measured parameter is the amplitude of the electrical signal proportional to
the sound energy that has passed through the sample. The best materials are those with the lowest
signal amplitude, i.e., the highest sound absorption. As mentioned earlier, this measured parameter
does not directly correspond to standard sound insulation characteristics, such as the impact noise
insulation index, although such a transition is possible using the material of structures that have
passed standard tests. However, this study did not set such a task. For the development of
compositions with improved acoustic properties, a relative measurement method is sufficient, in
which the actual characteristic of the sound insulation ability to impact noise is proportional (with a
certain constant proportionality factor) to those measured by various types of sound analyzers. The
relative method makes it possible to correctly perform the most important task of the study — to
optimize the composition and technological factors of the material.
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Production of prototypes. For the production of prototypes, a comprehensive experiment plan
with three dependent (aggregates) and one independent (fly ash/cement ratio) factors was adopted,
the so-called "Triangles on a linear segment" plan (Fig. 5). The amount of binding components —
gypsum and cement — was fixed, and the ash-cement ratio varied from 30 to 40%. The content of
mixed components — polystyrene foam, cork and foam glass — varied at three levels, the gold-
cement ratio at two levels: 1.11 (level -1) and 1.65 (level +1). Since the plan is mixed, without
technological factors, we consider it possible to denote all factors by X: the amount of expanded
polystyrene is X, the amount of cork is X,, the amount of foam glass is X3, and the amount of ash
1s X4. The factors and their levels of variation are shown in Table 1.

Xg Xz
Fig. 5. Scheme of the research
plan (levels of variation for X,
. 0.5 . 0,5 are indicated,
0.33 0,33 for X, and X; they are
symmetrical)
X3 - + X3 X ¢ X3
| |
=11 X, +1
Table 1 — Factors and levels of their variation
Factors Levels of variation at:
X4 =-1 X4 =+1
Coded 0 0.33 0.5 1 0 0.33 0.5 1
Xy, Xo, X3
Natural, g 0 619 | 929 [1858| O 59.1 | 88.65 177.3

In accordance with the adopted experimental plan, samples of fourteen formulations were
made in the form of standard beams for measuring mechanical and thermophysical properties, as
well as in the form of plates measuring 205x100%20 mm for acoustic tests.

Research results and their interpretation. According to the results of measurements of
acoustic characteristics, graphs of dependence of the sound permeability coefficient (Fig. 6, a) and
impact sound amplitude (Fig. 6, b) on the average density of the material are plotted. The analysis
of these graphs shows that density is not the main factor that determines the ability of a material to
resist airborne noise, let alone impact sound.

0,050 g 1200
= B °
20,045 = . o
% ’ = 1100 F .. °
20,040 | - « 2o
g g 81000 | .
= 0035 | 3 o ®
- =3
2 0030 | . R2=0,5487 g 70 ° R = 0,0305
n a
0,025 ' . . : = 800 ' : . '
850 950 1050 1150 1250 850 950 1050 1150 1250
Density, kg/m? a) Density, xg/m> 0)

Fig. 6. Dependence of sound transmission (a) and impact sound amplitude (b) on density
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The results of the measurements of acoustic properties were used to build experimental and
statistical models (ES-models) of sound transmission and impact sound amplitude.
ES model of sound transmission for airborne sound after exclusion of insignificant
coefficients:
K =+0.0924- X, +0.0404 - X, +0.0392- X, +0.0048- X, - X, +0.0046- X, - X, (1)

The final ES model of the impact sound amplitude A blow noise, normalized to the largest
value, in relative units:
A ounoise = 10-910- X, +0.0931- X, +0.938- X, -0.906 - X, - X, (2)

As an example, the ES model of the impact sound is graphically displayed on a triangle
(Fig. 7), the vertices of which correspond to the maximum content of the respective aggregate (the
amount of ash — X4 is fixed at the minimum level).

air noise

X1
i

Fig. 7. Dependence of the normalized
impact sound amplitude in relative
units on the number of aggregates:

X — expanded polystyrene, X, — cork,

X3 — foam glass

X2 X3

Conclusions and prospects for further research. The analysis of model (1) allows us to
conclude that all the introduced components worsen the soundproofing properties of the material,
but to varying degrees. Expanded polystyrene has a relatively significant impact, which confirms
the information on the deterioration of the sound insulation ability against airborne noise of walls
insulated with expanded polystyrene.

The ES model of impact sound (2) shows that the introduction of the accepted components
into the mixture separately also slightly increases the sound transmission of the material. The
minimum signal value, i.e., the highest sound insulation against impact noise, corresponds to the
composition that includes a combination of expanded polystyrene and cork. This can be attributed
to two effects: a decrease in the thickness of the matrix material partitions, through which impact
noise mainly propagates, and the dissipation of strain energy on elastic inclusions and its conversion
into heat at the interfaces in the material. The amount of ash in the studied factor space does not
affect the sound transmission from impact sound.

However, it should be understood that the study of acoustic characteristics is a rather limited
task of creating materials for floor substrates that must meet a wide range of requirements for
thermal conductivity, water resistance, strength, etc. The obtained experimental and statistical
models for airborne and impact noise are used for further multicriteria compromise optimization of
the gypsum composition by a set of properties.

Further research involves a comprehensive selection of plasticizing and retarding additives to
ensure the required mobility of the mixture, as well as the regulation of setting times.
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TOCJKEHHS AKYCTUYHHX BJACTHBOCTEN MATEPIAJIIB JUISI OCHOB
I MJIOTHA
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AHoTanisa. HaliBaxIuBIIUMH CKIAJ0OBUMH KOMGOPTHHX YMOB TiepeOyBaHHS JofeH Y
MPUMIIIEHHAX JKATIOBUX 1 IPOMAJChKUX OyAiBEIb € TEIUIOBHM (TEeMIIepaTypHHUI) 1 aKyCTHYHHMA
koMmpopt. BiamoBigHO 10 HOPMATHBHUX JOKYMEHTIB YKpaiHH, 10 TeIUIOBOJSIIHANX 1
3BYKOI3OJISIIIIHHUX SIKOCTEH 30BHIMIHIX 1 BHYTPIIIHIX OTOpOKYBAIBHUX KOHCTPYKIIIH Oy/iBelb
BHUCYBAIOThCSI BUCOKI BHUMOTH, OCOOJIMBO MIOAO MIXKIOBEPXOBUX IMEPEKPHUTTIB. SIKIIO mpobiema
HEIOCTaTHbOI'O TEIMJIOBOTO 3axXUCTy CTOCYETbCA HacamIiepe] MiUIOr Ha MEepeKpUTTAX Haj
XOJIOJJHUMH TIiJIBAJIaMHU 1 MPOI3aMH, TO TOTaHa 3BYKOI30JIAIisl MEPEKPUTTIB — 1€ MpobdiemMa BCiX
KBapTUp y 0araronoBepxoBUX OyiuMHKax. Y Iif cTarTi aHaNi3ylOThCS MPUYMHHU aKyCTUYHOTO
muckoMpopty B Oymiisix. JltonuHa B mpUMIIIEHH] MiIIA€THCS BIUIMBY TPHOX PI3HOBHIIB HIYyMY —
MOBITPSHOIO, yAapHOro 1 crpykrypHoro. IlokasaHo, mo HaiOLIBII CKJIAQAHO PO3B'SI3yBaHOIO
npoOJIeMOI0 € 3HIDKCHHS YIApHOTO IIyMy dYepe3 MEepeKpPUTTA. AKIEHTOBAHO Ha TOMY, IO
HE3BaXKAal0UM Ha Pi3HI JDKepesa IIyMy, MeXaHi3MU MOIIUPEHHS CTPYKTYPHOTO Ta YAApHOIO LIyMy €
AHAJIOTIYHUMU — IO KOHCTPYKTUBHUX eleMeHTax Oyximi. Tomy 3axoam 010 3HMKEHHS YIapHOTO
IIyMy OJHOYAaCHO JaloTh 3MOTY 3HM3UTH pIBEHb CTPyKTypHOro urymy. IlpoananizoBaHo
HANMOMMpPEHINI METOAN 3HIDKEHHS 3BYKOIIEpenadi yepe3 MEepeKpHuTTs. 3alpONOHOBAHO 3aMIHUTH
3BHYAHY CTSXKKY B KOHCTPYKLII IMIJUIOTH Ha TEII0-3BYKOI130JI0I0YY Ha OCHOBI TiNCOLEMEHTHO-
MyIOJIAHOBOTO B'SDKYYOTO 3 BiAMOBIAHMMH 3allOBHIOBaYaMHU. Y il poOOTI pO3MIAAAETHCS TUTBKH
aKyCTUYHUH acleKT MmpobiaeMu. 3rifHO 3 TEOpIEr0 aKyCTHMYHOI JMCHMAaLii, 3p00JE€HO MPUITYLCHHS
PO TOCUJIEHHSI €(eKTy PO3CIIOBaHHS 3BYKOBOi €HEprii 3a paxyHOK BBEICHHS 3allOBHIOBAYIB Y
CyMilll, IO 30UIbLIyE KIJABKICTh CTPYKTYPHMX HEOIHOPIAHOCTEH 1 IOBEpXOHb po3ally. Sk
3aIOBHIOBAYI /10 CyMIII1 B3TO TPaHyJIM MIHONOJICTUPOITY, KOPKOBY KPUXTY 1 TPaHyJIbOBaH1 BIIXOIU
BUPOOHMIITBA MIHOCKJIA. 3 METOK EKCHEPUMEHTAJIbHOI MEpPeBIpKH I[bOr0 MPUIYLIECHHS Oylo
po3po0ieHo aboparopHi METOMAMKH 1 TPHUCTPOi IS TOPIBHSIBHOT OIIHKH 3BYKO130JIIOIOYHUX
BJIACTUBOCTEH  pO3pOONIIOBAaHUX  CKJIAJiB. 3a  pe3ylbTaTaMd BHUMIPIOBAaHHS  aKyCTUYHHX
BJIACTUBOCTEH JOCIHIJHUX 3pa3KiB MoOynoBaHO ekcrepuMeHTaidbHo-ctatucTuyuHi (EC) momeni 1
BH3HAUEHO HaWKpallll MO€eHAHHS KOMIIOHEHTIB CyMillli 3 TOYKU 30pYy 3ByKoizosswii. [llymosi EC
MO/IeJIl BUKOPUCTAHO MpHU OaraToKpuTepiaabHOI ONTUMI3aLii CKIaay KOMIIO3UTHOI CyMIIIi.

KirouoBi cjoBa: MDKIIOBEpXOBI NEPEeKpPUTTS, MIAJIOTH, aKyCTUKA, YyIapHUH 3BYK,
3BYKO130JIS1115, aKyCTU4HI BUMIPIOBAHHSI, TUIAaHOBAaHUM €KCIIEPUMEHT, MOJICIIOBaHHSI.
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AHoTanis. 3a0e3nedeHHs JOBrOBIYHOCTI KOHCTPYKIM € aKTyaJbHOIO CBITOBOIO TEHJEHIIIEI0
OyniBenpHOI Tamysi. Bimomo, mo HalOLIBIIMKA PU3KUK KOPO3il CTANIEBOI apMaTypH B 3al1i300€TOHHUX
KOHCTPYKIIISIX BUKJIMKA€E TIEPIOJMUHII BIUTMB XJIOP-BMILIYIOYOTO BOJHOTO CEpPEIOBHUIIA 1 KapOOoHi3aIis
MiJ €0 BYTJIEKUCIOTH MOBITPs. Po3BUTOK mporecy kapOoHi3alii MpU3BOIUTH O BUBIJIHBHEHHS
3B’si3anux Cl-ioHiB, siki Oynu 3B’si3aHi mpoxykramu Tigpatamii. [lizBumennii tpancnopt Cl-ioHiB
O0OyMOBITIOE KOpPO3il0 CTaJIeBOi apMarypu. TakuM YUHOM, aKTyaJlbHUM IS JOCHIDKEHb € 3acio
3ano0iraHHsl TPaHCIOPTY AarpecMBHUX 10HIB y O€TOH, sKUi (YHKIIOHYE B YMOBax BIUIUBY
arpecuBHOro cepenopuiia 3 komoOiHamiero kmaciB XD3 ta XC4. [IokpuTTs Ha OCHOBI JIy>KHHUX
ATIOMOCHJTIKATHUX 3B’S3YyIOUHMX 3alpPONOHOBAHI ISl 3aXUCTy 3ali300€TOHY BiJl TNPOHUKHEHHS
arpecHBHUX 10HIB, 1110 00YMOBJIEHO 3/IaTHICTIO iX 3B’sI3yBaHHs LIEOITONOIOHUMHU (a3aMu.

Meroro poGoTH Oyno BHM3HAueHHA €(QEKTUBHOCTI IMOKPUTTS Ha OCHOBI JIY)KHOTO
ammoMocwirikaTHoro  B’spkydoro  ckiany  (0,2K,0+0,8Nay0)-4,5S10,-Al,03-nHO sk 3axucty
3amiz00eTony Bin TpaHcnopty CI, CO3%-iouiB MpU  TEPIOJUYHUX IUKIAX 3BOJIOKYBAHHS 1
BUCYIIYBaHHS. 3a aBTOPCBKOIO METOJMKOI  3JIMCHEHO OIIHKY 3aXHUCHHUX  BIIACTUBOCTEHN
3alpOIIOHOBAHOTO TIOKPUTTS B pealbHUX YMOBaX eKCIUTyaTalii Mpu TEpioJAMYHUX [UKIaX
3BOJIOXKYBAHHS 1 BUCYILIYBAHHS B XJIOP-BMILIYFOUOMY BOJTHOMY CE€PEOBUIIII.

IToBHwuit 3axuct Gerony micis 90 nuKiiB 3B0sI0KYBaHHA B 5 % po3unHi NaCl 1 BUCylTyBaHHS 3a
BiZICYTHOCTI ciiziiB TpaHcnopty Cl'-i0HiB 3a0e3meuyeThcs IPH HAHECEHH] MOKPUTTS TOBIIMHOKO 3 MM.
Bucoki 3aXycHI BIaCTUBOCTI MMOKPUTTSI MIATBEPAKEHO 30€peKEHHIM HOro aJre3uBHUX BIACTUBOCTEH,
a TaKOX BUCOKOIO KOPO3IMHOIO CTIMKICTIO 3aXHIIEHOTO OETOHY MpH il arpecCHBHOTO CepeoBHINA 3
komOiHariero kiaciB XD3 ta XC4. Bucoki 3aXHMCHI BIaCTUBOCTI MMOKPUTTS OOYMOBIIEH] 3B’ SI3yBaHHSAM
touiB Cl 1 Cng' BOJIOCTIMKHUMHU 1I€0JTITOTIOIOHUMHU MATPHUIISIMHU.

Kuro4oBi ciioBa: ny)xHe amoMOCWITIKaTHE 3B’s3yl04e, 3aXMCHE MOKPHUTTS, CTajeBa apMmarypa,
TPAHCIIOPT 10HIB.

Beryn. IligBuieHHs JOBTOBIYHOCTI Oy/AiBENbHUX KOHCTPYKIIH, OCOOMMBO B YMOBax il
arpecMBHUX  CEpPENIOBUIN, € aKTYaJlbHOIO CBITOBOIO  TEHJIEHIEI0  PO3BHTKY  Cy4acHOTO
Mmarepiano3nasctBa [1-3]. OcobnuBoi yBaru 3 oMy Ha MiIBHIICHHS JOBFOBIYHOCTI MOTPEOYIOTH
3aJ11300€TOHHI KOHCTPYKLIT, AKi (DYHKI[IOHYIOTh B YMOBaX MEPIOANYHOIO BIUIUBY XJIOP-BMILIYIOUOTO
BOJTHOTO CepeIoBHIa (MOPChKa BOJA, PiAKi IPOMHUCIIOBI BiIXO/M, TEXHIUHI BOAM) 1 KapOOHi3allii mij
miero Byriekucnotd moBitps [4]. Jlo mpukiamiB 3ami300€TOHHMX KOHCTPYKIIIH, 1O 3a3HAIOTH i
BKa3aHOTO0 arpecuBHOTO CEPEIOBHILA BITHOCATHCS CHOPYAH, IO €KCIUTyaTyIOThCS B MOPCBHKIM BOAI
(mpuuanu, mipcu, OeperoyKpiIuTIOUi CIIOPYIH, Tpedili), CIopymd s XiMIiYHOI IPOMHCIIOBOCTI,
CTIOPY/IM CLTBCHKOTOCTIOIAPCHKHX IMiIPHEMCTB TOIIO. ATPECHBHUH BILIMB BKa3aHOTO CEPEIOBHINA HA
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3a11300€TOHHI KOHCTPYKIi KiIacu]ikyeTbcsi komOiHamieo kiaciB XD3 (nmepioguyHuii BIUIMB XJIOp-
BMIIIYFOUOTO BOJHOTO cepenonuina) i XC4 (BIJTMB BYTJIEKUCIIOTO Ta3y IIPH MEPIOTUIHOMY KOHTAKTI 3
BOJIOK0) 3Ti/IHO 3 [5].

Binomo, mo kapOoHi3arisi, sKka CyIpOBOUKYETHCS 3HM)KEHHSIM NOKa3HHKa pH mopoBoi piguHu
OeToHy 110 3Ha4YeHb ONM3BKHX 110 9 [6], a Takok mudysis (Tpancrnoprt) Cl-ioHIB B CTPYKTYpy, €
npolecamu, SIKi IPU3BOJIATE 10 KOpo3ii cTaneBoi apmarypu [7]. CyMiCHUI BIUIMB XJIOP-BMILIYFOUOTO
BOJHOTO CEpeIoBHINa 1 KapOoHi3alli Ha 3a1i300€TOH CIPUYMHIOE CKJIAIHI (DI3MKO-XIMIYHI MPOIIECH,
K1 [0 PI3HOMY BIUIMBAIOTh HA TPAHCIIOPTHI BIACTUBOCTI OETOHY B Yaci i, BiANOBIAHO, TACUBHUI CTaH
apmarypu [8]. Tak, yuliibHEHHS MOBEPXHEBOrO Iiapy OETOHY Ha IMOYaTKy KapOoHizamii uepes
yrBopenHsi CaCOjs, sk mpoaykry B3aemopii moptiaanauty Ca(OH); 3 CO, moBiTpsi, 00yMOBIIOE
ranpmyBanHs Tpancropty Cl-ioniB B crpykrypy [9]. OmHak, monajibluuii pO3BUTOK IPOLECY
KapOoHi3allii MPU3BOAUTH 10 BUBUIBHEHHS B TopoBui po3unH Cl-ioHiB, siki Oynau Bxe 3B’si3aHi
reneBuMU ¢azamu (xemocopOrlis) 1 ¢ga3zamMu ciMeHCTBa JIBOIIAPOBHUX TIAPOKCUAIB (HAMPUKIIAA, COJi
®pinens) [10, 11]. IigBumennit Tpancriopt Cl-ioHiB B CTpyKTypy OCTOHY, SIKMi (DYHKLIOHYE IpH
BIUIMBI BKA3aHOI'O arpecUBHOIO CEpelOBHUINA, OOYMOBIIOE 3alpOBA/KEHHS €(EKTUBHHUX 3aXOiB
HOTePEPKEHHS KOPOo3ii CTajieBoT apMaTypH, cepejl SIKMX 000B’I3KOBUM € NIOBEpXHEBUiA 3axucT [12].

AHaJi3 OCTaHHIX JOCTiIKeHb Ta myOJikauniii. BuxopucraHHs MOBEpXHEBOIO 3aXUCTY
O0CTOHYy € EeKOHOMIYHO e()EeKTHBHHM 1 BIJHOCHO MPOCTHUM DIMIEHHSIM IIOAO 3aXHCTy BXKe
30y/1I0BaHMX CIOPYJ BiJ NMPOHUKHEHHIO arpeCUBHMX JJIsl CTAJI€BOI apMaTypH 10HIB. B 3anexHocTi
BiJl XIMIYHOT MPHUPOJM, 3aXUCHI MOKPHUTTS MOIUIAIOTHCS Ha opraHidydi i Heopraniuui [13]. o
HEJIOJTIKIB OPraHiYHUX IMOKPUTTIB, sIKI HAHOCATHCA TOHKUM 1mapoM (100...400 MKkM), € 3MEHIIIEHHS
TEpMiHY eKCIUTyaTallii il BIULIMBOM YJIbTPagioleTOBOro BUMPOMiHIOBaHHs [ 14].

Cepen HeOpraHiuHUX MOKPUTTIB PO3MOBCIOIKEHHS OTPUMAI HEOPTraHIYHI 3aXUCHI OKPUTTS
Ha OCHOBI JY)KHHUX AJTIOMOCHJIIKaTHHUX 3B’S3YIOUHMX (JaJli, JY)KHI aFOMOCHIIIKATHI TOKPHUTTS) IS
3axucty 0eTony [15]. Taki MOKPUTTS MOXKYTb PO3IJISIaTUCh SIK aJIbTEPHATHBA OPraHIYHUM Yepe3 iX
BUCOKI Cynb(aTo-, XJOPHIOCTIHKICTIO, CTIHKICTIO B OPTaHIYHUX 1 HEOPraHIYHUX KHCIOTaX TOIIO
[16]. Bimomo, 1m0 JIyXHI ~ aTOMOCHIIKATHI  MOKPUTTSA  XapaKTEPU3YIOThCS  HU3BKOO
BOJIOHETIPOHUKHICTIO [17], BUCOKMMHU MOKa3HUKaMH Mopo3ocTiiikocti [18], a Takox anresii mo
pi3HUX OCHOB, B TOMY 4ucIi 10 OeTony [19].

[linBuiieHa JOBrOBIYHICTH 1 BHCOKI 3aXHCHI BIACTUBOCTI JYKHHMX aQJTIOMOCHIJIIKATHUX
MOKPUTTIB JI0 Jii arpecCUBHUX CepeoBUIL 00YMOBIIEHI ()OPMYBAHHAM B CKJIa/li MPOAYKTIB peaxiii
HOBOYTBOPEHb, SIKI € aHAJIOTaMU MPHPOJHUX MIHEpaTiB THIY IeouiTiB Ta denpammaroinis [20].
OOMeXeHHs TpaHCHOPTY arpecuBHUX 10HIB B CTPYKTypy O€TOHY BHACHiZIOK 3B’sI3yBaHHS
LEOJIITONOJIOHUMHU MATPHUISIMU JTY)KHOT'O aJFOMOCHJIIKATHOTO 3B’SI3yI04Oro, sKl (POpMyrOThCS,
JI03BOJISIE  TPOTHO3YBaTH €(EKTUBHICTb BHUKOPHUCTaHHA MOKPUTTIB Ha HOro OCHOBI Juis
3a0e3neueHHsl MTAaCUBHOTO CTaHy CTaJIeBOi apMaTypH.

OCHOBHUM  OOMEXyOuuM  (aKTOpOM 100  BUKOPUCTAHHS  3aXMCHUX  JIY)KHHX
QTFOMOCHJTIKATHUX TOKPUTTIB € HEOOXITHICTh TBEPJHCHHS NPH MiIBUIICHHUX TeMmieparypax (>40
°C) mia GopMyBaHHS BOAOCTIMKOIO HITYYHOTO KaMeHIO, (a30BUIl CKiIaj SIKOTO IMpe/CTaBIICHHM
[EONiTONONIOHUMH HOBOyTBOpeHHsIMH [21]. Tloka3aHO MOKJIMBICTH CHHTE3Y  BOJOCTIHKHX
neomirtononionux a3z (kucmonmin  (CaSipAl,0g:4H,0), Ttommconit  (NaSisAlsOz6H,0),
natpieBuit (NagSip7Alzs072:24H,0) 1 kamieBmit reimanaut (KeSipzAlssO72:24H,0)) B ckmani
NPOJYKTIB peakKilii Jy>KHOTO aTOMOCHIIIKaTHOTO 3B’S3yH0OYOTr0 3a HOpPMalbHUX Temmeparyp (t=
20+2 °C) nwsxoM onTuMisanii criBBigHoIIEHHs okcuiB cucteMu Na,O-K,0-Al,03-Si0,-H,0 [22]
1 BUKOPUCTaHHS KaJbIlii-BMilyto4oro Moaudikaropa [23]. ®opMyBaHHs BKa3aHHUX HOBOYTBOPEHB
CTBOPIOE TIEPEAYMOBH JUIsI OTPHUMAHHS KOPO3IMHOCTIHKOTo ImTydHoro kamentoo [24]. TTokpurrs,
po3po0iieHe Ha OCHOBI OTPHUMAHOTO 3B’SI3yIOUYOr0, XapaKTEPU3YEThCS BHCOKUMH 3aXHUCHUMHU
BJIACTUBOCTSAMHU 1O Jii Cynb(haTHUX cepeqoBHII. 3MEHIICHHS HETaTUBHOTO BIUTMBY BKa3aHOTO
Cepe/ioBHINAa HAa OETOH MOSCHEHO BKIIIOYEHHSM arpeCHBHUX SO, -ioHiB muIIXOM xemocopOmii 1
XIMIYHOTO 3B’SI3yBaHHS 1LIEOMITONONIOHUMHU (a3aMu, SKI CHHTE3YIOTbCS, HANpPHUKIAl, HO3€aH
N ag(A| GS i 6024) (804) -H,0, ObsIKEIIAIT (Na,Ca, K)g(SIeAleOm) (SO4)2(OH)()5 : HgO), KaHKpiHiT
(Na,Ca)s(AlgSig)024(C0O3,S0,),-2H,0O) ToImIO, 10 CYMPOBOIKYETHCS IMIABHINICHHIM CTYIEHS iX
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KkpuctaniyHocTi [25]. Bucoka MIUIBHICTE MIKPOCTPYKTYpH, OOyMOBIICHA ITiBUILCHUM BMICTOM
KPUCTAJIIYHUX IICOJTITOMOMIOHUX TiIPOATFOMOCHIIIKATIB 1 CyOMIKPOKPHCTAIIYHUX TiAPOCUIIIKATIB
KaJIbIF0, TAKOXK € (DaKTOPOM BHUCOKOTO OIopy Audy3ii arpecuBHUX 10HIB [26].

HaBeneHi 1aHi 103BOJIAIOTH IPOTHO3YBATH IIBUIIIEHUN 3aXUCT 3113006 TOHHUX KOHCTPYKIIIH
BiJl TPAHCIIOPTY arpeCMBHUX IOHIB B yMOBaX BIUIMBY arpeCHBHOIO CEpeJOBHUINA 3 KOMOiIHAIi€l0
kiracie XD3 1 XC4 mnpu BHUKOPHUCTaHHI JY)KHOTO QITFOMOCHIIIKATHOTO TOKPUTTSA. Peamizarrist
BKA3aHOTO PO3BUTKY CTPYKTYPOYTBOPEHHsS Iependayae MOKJIMBICTD BKJIIOUEHHS /O CKIaIy
chopMOBaHUX MEOJITOMOAIOHUX MiHEpAIIB PH XeMOocopOIlii 1 XiMiuHOMY 3B’s3yBaHHI Takox CI -
iOHIB 3 (opMyBaHHSIM XJOp-BMillytounx (a3, mnomiOHumx 3a crpykryporo no Cl-mabasity
(Al,CaCl,0gSi5), Cl-comamity (AlgCl,NagO24Sig) Tommo [27]. Bigoma 31aTHICTh HEOMITIB TAKOXK 10
agcopbuii COs*-ioniB [28]. Lle Moxe 0OyMOBHTH OOMEKEHHs KapOoHi3alii GETOHY HaBiTh B
yMOBax TIO€JHAHHS KJIAaciB arpecMBHOIO BIUIUBY OTOYYKOYOro cepemoBuina. llpu 1pomy,
00’€KTHBHA OLlIHKAa €(QEeKTHUBHOCTI TaKOro pilIeHHS MOTpedye 3acCTOCYBaHHS METOAMKH, IO
BpPaxOBY€ KOMIUICKCHUN BIUIMB BKa3aHUX (PAKTOPiB, IKOMY MIIIAETHCS 37113006 TOHHA KOHCTPYKITIS
B PEIbHUX YMOBaX EKCIUTyaTarlii.

Mera Ta 3aBaaHHsa. MeTor0 pPOOOTH € BHU3HAYCHHS EQEKTHUBHOCTI  JIY)KHOTO
ATFIOMOCHJIIKATHOTO TOKPUTTS JUTS 3aXKMCTY 3113006 TOHHUX KOHCTPYKIIii Bix TpaHcnopTy ioHiB Cl
ta CO5® 1IpU NEPIOAMYHAX LUKIAX 3BOJIOKYBAHHS B XJIOP-BMIIyFOUOMY BOZHOMY CEPEAOBHUILI i
BUCYITYBaHHS TPH J1ii BYTJIIEKUCIOTH MOBITPA.

Jl5is OoCsITHEHHS METH BUpIIIyBajach 3a/laya BU3HAYECHHS TMTMOWHU NpoHUKHEHHs ioHIB Cl B
CTPYKTYpy OCTOHY, 3aXUINECHOTO 3aXHWCHUM IMOKPUTTSM, 3JICKHO BiJl TTOKA3HUKIB SKOCTI MOKPUTTS
(MIIHICTD 34YEIICHHS 3 OCHOBOIN, KOE(IIIEHT KOPO31MHOI CTIHKOCTi), MpH NEPIOAUYHHMX ITHKIIAX
3BOJIOKYBAHHSI i BHCYLIYBAHHS IPH PUPOHIi koHIeHTpartii COs> -i0HiB OBIiTpSL.

Marepiasu Ta MeTOTUKH JOCHIIKeHHs. JIy)KHE alrOMOCHIIIKaTHE 3B’S3ylHOUe 3arajbHOI0
dopmyoro (0.8Na,0+0.2K,0)-Aly03-4.5S10,-nH,0 BUKOpHCTAaHO SIK OCHOBY 3aXMCHUX MOKPUTTIB.

SIK OCHOBI KOMIIOHEHTH JIY>)KHOTO QJIFOMOCHJIIKATHOTO 3B’ I3YFOUOT0 BUKOPHCTAHO:

— merakaonii ARGICAL-M 1200S (®panuist) (BmicT okeuai, %: CaO — 0.60, SiO, — 55.00,
Al,03 — 39.00, Fe;,03+Fe0 — 1.80, K;0+N,0 — 1.00; B.1.11. — 1.00 %), nymonanoswuii inaexke — 1247 mr
Ca(OH),/r (Chapelle test), ryctuna — 2400 kr/M%; mroma MOBEPXHS Sy — 2000 M2/KT (3a bueitnom);

— HaTpi€eBe piIKe CKII0, Moaylb M= 2,8, ryctuna= 1430 KO/,

Jlnst KopuryBaHHS CKJIQy JIY’)KHOTO aJIFOMIHOCHIJIIKATHOTO 3B’SI3yIOYOTO 332 OCHOBHUMH
OKCHJIaMH BUKOPHUCTAHO:

— tpenen (KonormsHcbke pomosuine, Ykpaina) (BmicT okcuais, %: CaO — 0.86, SiO, — 85.12,
TiO, — 2.10, Al,O3 — 6.40, Fe,03+FeO — 3.25, MgO — 0.98, K,O+N,0 — 0.69, SO3; — 0.40; B.m.m. — 0.20
%), ITATOMA [IOBEPXHS Spyr= 800 M%/kT (32 Brieiiom);

— po3uuH riapokcury kaiiro KOH (CAS 1310-58-3), ryctuna — 1420 Kr/M°,

B pouni kanpuiiiBminyro4oi MoAuQikyrodoi 100aBKH, siIKka CIpHUsie KOHJIEHCAIll PiAKOro CKiia
3a HOPMAJIBHOI TeMIIepaTypH, BUKOPHCTaHO Tiapokcun kajbiito (CAS 1305-62-0).

B sxocri ¢pyHKIIIOHATIBHUX 100aBOK (HAallOBHIOBAY1) BUKOPUCTAHO:

— 3oma-BuHecenns (Jlammwkuncbka TEL], Ykpaina) (BmicT okcnis, %: CaO — 2.94, SiO, — 52.38,
TiO, —0.97, Al,O3 — 25.25, Fe,03; — 13.62, MgO — 2.04, K,0+N,0 —0.71, SO3 — 0.41; B.i.i1. — 1.68 %),
¢bpaxkiis < 0,16 mm;

— micku kBapuoBi ¢pakmii 0...0,315 ta 0,315...0,63 mm 3rigHo 3 ICTY b B.2.7-32-95.

JUst perymnoBaHHs TEXHOJIOTTYHUX BIACTUBOCTEN PO3UYMHOBOI CyMillli (KOHCHUCTEHIIS, BIIKPUTUI
Yac) BUKOPHUCTAHO KOMIUTEKCHY J00aBKy, sika MIiCTUTh TpuHatpiiidocdar nHatpiro NagPO,12H,0 (CAS
Ne 7601-54-9) i rimokonar Hatpiro (CAS Ne 527-07-1).

BonoyrpumyBaiibHy 3/1aTHICTh MTPU HEOOX1HIM KOHCHUCTEHIIIi pO3UMHOBOI CyMillll 3a0e3Me4eHo
no6aBkoro kapookcumMeTmentonosn («Gabrosa HV» AkzoNobel, Hinepmanm).

JUis mpuroTyBaHHsT PO3YMHOBOI CyMIIIl MPH OTPUMAHHI JYKHOTO allFOMOCHIIIKATHOTO
MOKPUTTSI OKPEMO TOTYBAJIM PiJIKY Ta CyXy 4acTHHY Marepiaiy. Piaka yacTuHa (JIyKHHH pO3UMH)
CKJIaJIa€ThCs 3 piakoro HaTpieBoro ckia 1 po3unHy KOH; cyxa yactuHa — yci cyxi KOMIIOHEHTH
nokpuTTs. [licast mpuroTyBaHHs pifKoi Ta CyXoi YaCTHH, iX CyMICHO IEpeMIlIyBaJIi 3a JOTIOMOTO0
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smimysaua Ty HOBART Bripososx 3 XB Ha mBmiakocti 140 xB™.

Po3TiuHICTh, TEpMiH NPHUIATHOCTI 1 BOJOYTPUMYBaJIbHA 3/IaTHICTh PO3YMHOBOI CYMIIIIi
Bu3Havanw 3rigHo 3 JICTY b B.2.7-126:2011.

MinHiCTh Ha 3TMH 1 Ha CTUCK JYXKHOTO AJTIOMOCHJIIKATHOTO MOKPUTTS BU3HAYAIU 3TiTHO 3
JACTY b B.2.7-187:2000.

MILHICTh 3UeNJIeHHS JIY’KHOT'O aFOMOCHJIIKATHOTO HOKPUTTS 3 OETOHHOK OCHOBOO, @ TAKOXK
BOJIOHETIPOHHUKHICTh 1 MOPO3OCTIMKICTh BKa3aHOro MOKpHUTTS Bu3Havanu 3rigHo 3 JICTY b B.2.6-
181:2011.

MopentoBaHHsI 3MIHM BJIACTUBOCTEH JIY>)KHOTO aIFOMOCHJIIKATHOTO IMOKPUTTS B PEaTbHHUX
yMOBax eKCIulyaTallii Mpu MepIOANYHOMY BIUIMBI XJIOP-BMINIYIOYOTO BOJHOTO CEpeIOBUIIA 1
KapOoHi3allii mijJ i€l BYTJIEKUCIOTH MOBITPs, ToOTO mpu KomOiHamii kiaciB BBy XD3 1 XC4,
3JIHCHEHO 3a 3allPOIIOHOBAHOK aBTOPAMU METOAUKOI. IIOKpUTTS HaHOCWIM Ha GOKOBI IOBEPXHI
3paskiB apibHo3eprucToro OeroHy 40x40x160 MM (MOPTIAHAIEMEHT:IICOK) MmapoM 3 MM i
BUTPUMYBAJIH BOpoAOBXK 28 ni6 3a ymoB t= 20+2 °C ta W= 60+5 %. Ilicns mporo, 3pa3ku, siK
3axXHILIEH] MOKPUTTAM, TaK 1 He3aXHIEeHi (A1 MOPIBHSAHHS), BUTPUMYBAJIU B YMOBaxX MEPEMiHHOTO
3BOJIOXKYBaHHs (21 roa moBHOrO 3aHypeHHst B 5 %-my Bognomy posunni NaCl; smict Cl™-ioniB — 30
/1) 1 BUCYIIyBaHHsI Ha MOBITPi (3 roj BUTPHMMYBaHHS B CYIIHJIbHIH madi npu Temmeparypi 105 + 3
°C). B xontponbHuit Tepmin (90 uKiIiB 3B0N0XKYyBaHHS B 5 %-My po3unni NaCl 1 BucyuryBaHHs)
BU3HAYaM EKCIUTyaTalliiiHi BIACTHBOCTI MOKPUTTS (MILHICTh 3YEIUICHHS 3 OETOHHOIO OCHOBOIO,
Koe(illieHT KOPO3idHOI CTIHKOCTI), a TakoX MIMOWHY mpoHUKHEeHHS (TpaHcropt) Cl-ioHis.
Bkazanuii KOHTPOJILHUI TEpMiH OOpaHO 3a AHAJOTIE€I0 3 METOAMKOI KOPO3IMHUX BHIPOOYBaHb
cTaneBoi apMatypu B 6etoHi, Bukiaaenoi B JICTY b B.2.6-181:2011.

KoedirieHT K0po3iifHOT CTIHKOCTI 3pa3kiB OETOHY BH3HAYAIM SIK BiAHOIIEHHS MIIHOCTI Ha
3TUH 3pa3KiB, sIKl 3a3HaBAIM Ji arpeCUBHOIO CEPEJOBUIIA BIPOJOBK TEPMIHY BUIIPOOYBaHHS, 0
MIITHOCTI Ha 3THH aHAJIOTIB, sKi 30epiranmu 3a ymoB t= 20+2 °C ta W= 60+5 %. Bxa3zana metoauka
BHU3HauUeHHs KoedillieHTy KOpo3iitHoi crifikocTi, BukiaaeHa B JJCTY b B.2.7-214:2009, BpaxoBye
OUTBIIY YyTIMBICTh MOKA3HUKA MIITHOCTI Ha 3TUH 3pa3KiB OETOHY 0 KOPO3ii MOPIBHSHO 3 MIIHICTIO
Ha cruck. 3rigHo 3 JICTY b B.2.7-288:2011 Gerounu mnoxiasioth Ha HecTiiiki (Ker < 0,3),
manoctiiiki (0,3 < Ker < 0,5), criiki (0,5 < Ker < 0,8) ta Bucokocriiiki (Ker > 0,8) B kopo3iiHuX
cepe/1oBUINaX.

I'mubuny mnponukHeHHs Cl-ioHIB BH3Ha4YanuM 3a pe3yJabTaTOM SIKICHOI peakilii [UITXOM
po3npuckyBaHHs BogHoro po3unHy AgNOs (konnenTpauis 0,1 H) Ha nepepi3 3pas3kiB 6eTOHY Biapazy
micnst po3pizaHHd Horo HaBmul. JIs MiATBEp/UKEHHS pE3YNbTaTiB SKICHOI peakiii, TIHOHHY
NPOHUKHEHHS BKA3aHMX 10HIB BH3HAYAJIM 3a JOIMOMOI'OI0 METO/Y 30HJOBOTO aHalli3y Ha pacTpOBOMY
eJIEKTPOHHOMY Mikpockomi-MikpoaHaiizaropi (REMMA 102-02, SELMI, Vkpaina). B sikocti 3pa3kis
JUTS IIbOTO METO/Yy BUKOPHCTAHO TOHKI IJIACTUHKH, OTPUMaH1 po3pi3aHHAM OETOHY B Iepepisi.

PesyabraTn gocaimkenb. s gociiikeHb OOpaHO Jy)KHE AalIOMOCHIIIKATHE MOKPHUTTS,
e(pEeKTHBHICTh SKOIO B CTal[lOHAPHUX YMOBAaX BIUIMBY arpeCUBHOIO CyJIb(paTHOTO CepelOoBHILA
(KoHIIEHTpAITis SO4%-ioniB — 30000 MT/JT) TOKa3aHo B poOoti [25]. Cknag mokputrts, %: HaTpieBe
piake ckio — 23,75, merakaonin — 11,62, rinpokcun kainito (cyxa pedouna) — 1,11, tpenen — 1,04,
rigpokcun kameiito — 0,81, tpunarpiiipochar Harpito — 0,96, rarokonar Harpiro — 0,41,
kapOokcumeruentonosa — 0,06, micok kBapuoBuii ¢paxkiii 0...0,315 mm — 20,07, micok KBapIioBHii
¢paxmii 0,315...0,63 mm — 23,27, 30;ma-BuHeceHHs — 13,56.

Bu3HaueHO TEXHOJOTIYHI Ta eKCIUTyaTalliiiHi BIACTHBOCTI MOKPHUTTS; po3TiuHicTh — 20 cM,
TEPMIH MPUIATHOCTI TepMiH mpuaaTHOCTI — 90 XB, BOJIOYTpUMYBalibHA 31aTHICTh — 98 %, MiIHICT
Ha 3ruH — 3,7, 6,51 8,3 MIla na 2, 7 1 28 100y TBepAHEHHS, MiIIHICTh Ha cTUCK — 19,8, 37,6 1 42,5
Mlla Ha 2, 7 1 28 o0y TBepIHEHHS, MILIHICTb 34eIJIeHHs 3 0eTOHHOI0 ocHOBOW — 1,2 MIla, mapka
3a BojtoHenpoHuKkHicTI0O W10, mapka 3a mopo3soctiiikicTio F300.

JlocaimxeHo epeKTUBHICTh BKa3aHOTO MOKPHUTTS 110710 3anobiranHs TpaHcnopty Cl-ioHIB B
CTPYKTYypy O€TOHY B IIEpEMiHHUX yMOBax BIUIMBY arpeCUBHOTO CEepPelOBHUIIA 3 KOMOIHAIII€I0 KIIAaciB
XD3 i XC4. 3rigHo pe3ynbTaTaM sIKiCHOT peakiiii micist 00OpoOKH MOBEPXHI PO3UMHOM HITpaTy cpibia
(AgNO3) (muB. piBHsSHHS XiMi4HOT peakiii 1) rmuOuHa nponukHeHHs: Cl-i0HIB B CTPYKTYpy OETOHY
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6e3 mokputTs micng 90 nMkiIiB 3BONMOXKYBaHHA B 5 %-my posumHi NaCl i BucymyBaHHA B
cepeHbOMY CTaHOBUTH 8 MM (puc. 1). [Ipm HaHEeCeHH1 3aXHMCHOTO TOKPHUTTS TOBIIMHOK 3 MM
TPAHCHOPT 10HIB B CTPYKTYPY BIACYTHIMH.

NaCl + AgNO; — AgCl| + NaNOs (1)

EdexTuBHICT MOKPHUTTA JUId 3aXUCTy OCTOHY BiJ TpPaHCIOPTY arpeCHMBHUX 1OHIB
MiITBEPUKYETHCSA TAKOK pe3yibTaraMu 30HA0Boro anamizy. Tak, Bmict Cl-ioniB Ha ruubuai 0,1 MM
3pa3kiB HesaxuieHoro Oetony craHoBuB 4,19 % (puc. 2), Ha mmoOumnHi 10 MM #HOro BMICT
minimizoBanuii — 0,08 % (puc. 3). B 3paskax OeToHy, 3aXHIIEHUX MOKPUTTSAM TOBIIMHOIO 3 MM, Ha
rmbuni 0,1 MM Bmict Cl'- ioHiB cranoButh 0,0 %, 110 CBITYUTH MPO BiJACYTHICTH TPAHCIIOPTY HPH
BUKOpHCTaHHI MOKpUTTs (puc. 4). CnoBinbHeHHs TpaHcropty Cl-ioHiB Moke OyTH 00yMOBIEHO iX
3B’S3yBaHHSM ICOJITONOAIOHMME (ha3aMu JIy)KHOI allroMocHiIikaTHOi Matpuii [25]. B cBoro uepry,
3p’s3yBaHHss COs”-iOHIB 33 TAKMM CAMHM MEXaHi3MOM TAKOXK CIPHSE OOMEKCHHIO IPOHHKHEHHS
XJIOPH/IIB.

BuBueHO 3MiHY eKCIUTyaTallifHUX BIACTUBOCTEH 3aXMCHOTO MOKPHUTTA micis 90 nukiiB
3BOJIOKYBaHHS B 5 %-my posuuHi NaCl i BucymryBanus. Tak, MIIHICTh 34eIJICHHS MOKPUTTS 3
OETOHHOIO OCHOBOIO TIICIISl BIUIMBY BKa3aHOT'O arpecUBHOTO cepenoBuia craHoBuTh 1,1 Mlla, mio
He3HavyHO MeHIe (Ha 8,3 %) MOpiBHIHO 3 aHAJIOroM, 110 30epiraBcsi BIPOJOBK BKa3aHOTO TEPMiHY
3a ymoB t= 20£2 °C ta W= 605 %. OTpumani pe3yibTaTu KOPEIIOIOTh 3 JaHUMH 111010 BUCOKHX
aIre3UBHUX BJIACTUBOCTCH JIY)KHUX aJTFOMOCHIIIKATHUX TIOKPUTTIB HABITh B yMOBaX BIUIUBY
arpecuBHOro cepesosuiia [15, 25, 26].

Puc. 1. ®ororpadii nepepiziB MOJIOBUHOK 3pa3KiB OETOHY MICHIsl pO3NPUCKYBaHHS HITpaTy cpibia: 3
HOKPUTTSIM (J1IBOpYyHY) 1 6€3 MOKPUTTS (IpaBopyy)

Enemest | Int. [C.% |
Ao K |2648 0.00
| Naz0 K_|1870 12.45

Mgl K |952 2.27
a0z k2129 663

Si0z2 K 20277 58.69

SOz K |286 117

Cl K 12179 419

K0 K |185 0.38

CaD K 7648 i14.23

0 1 2 a5 4

Puc. 2. 3onnoBuit anani3z Ha raubusi 0,1 MM 3pa3ky HezaxuIeHoro 6etony micist 90 UKIIiB
3BoJIOKyBaHHS B 5 %-My posunni NaCl i BucymryBanHs

3axuct O€TOHY JYXKHMM aJIIOMOCUJIIKaTHUM TIOKPUTTS TNPU3BOAUTH [0 IiJBUIICHHS
Koe(ilieHTy KOpOo3iiHO1 cTikocTi micias 90 mukiaiB 3BosIoKyBaHHS B 5 %-My posumHi NaCl 1
BUCYIIIYBaHHSI TMOPIBHSHO 3 He3axulleHuM anajorom 3 0,74 mo 0,96 (ma 30 %). Merpanaris
HE3aXMIIEHOTO OEeTOHHOrO 3pa3Ky oOyMOBJIeHa OOMIHHOIO peakiicro xjopuay Harpito NaCl 3
MOPTJIAHAUTOM 3 YTBOPEHHAM xsopuay Kanblito CaCly, 1110 Npu3BOANTH 10 3MEHIIEHHS! OCHOBHOCTI
BHCOKOOCHOBHUX TIJPOCHIIIKATIB KaJIbLil0 K OCHOBHMX CTPYKTYPOYTBOPIOIOUMX TiJIpaTiB B
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dazoBomy cknazi nopTiananemMenTy [29]. [ligBuieHHs KOPO3iitHOI CTIHKOCTI OETOHY, 3aXUIIICHOTO
MTOKPUTTS, MATBEPIKYE BIACYTHICTH TpaHcopTy Cl'-10HIB B CTPYKTYDY.

Enement |InT |C.%
Naz0 K_|[554 5.29
A0z K _|3712 14.40
Si0z K |10680 41.55
S0z K |916 461
Cl K |33 0.08
Kz0 K _|619 1.55
CaD K §13724 {3252

0 i aa

2 1250: 2,660 K3§

Puc. 3. 3on10BUi1 aHaITi3 HA TIIMOMHI 8 MM 3pa3Ky He3aXHIIEHOro 6eToHy micis 90 muKIIiB
3BoJIOKYBaHHS B 5 %-My po3zunni NaCl i BucymryBanHst

Enement | Iat IC.% |
Na K |405 2.50
A K §2437 i394
Si K [13271 17.43
S K_|289 0.42
ok |30 0.00
K f£_|102 0.16
0 i 2 | Ca K |4796 5.79

[248: 2638 mas

= — o | |

Puc. 4. 3onnoBuii anani3z Ha rmubuni 0,1 MM 3pa3ky 3axuieHoro 6eTony (ToBuHa MOKpUTTS — 3.0
MM) micist 90 nuKIIiB 3B0sI0KyBaHHs B 5 %-my posumni NaCl i BucymryBasHst

BucHoBku:

1. JloBeneHO e(eKTUBHICTh MOKPUTTSA Ha OCHOBI JIYKHOTO AJIOMOCHJIIKATHOTO 3B’A3YI0YOT0
dopmymu (0,2K,0+0,8Naz0)-4,5S102-Al,03:nH20 asnst 3axucty 3ami300€TOHHUX KOHCTPYKIIHN, SIKi
(YHKIIOHYIOTh B YMOBaX KOMIUIEKCHOTO BIUJIMBY arpeCMBHHUX (PaKTOpIB - MEPIOAUYHOIO BILTUBY
XJIOP-BMIII[YIOUOTO BOJHOTO CEpeIoBHINA 1 KapOOHi3alii MiJl J1€l0 BYIJIEKUCIOTH MOBITPS.
3anobiranHs TpaHcrnopty arpecuBHux ioHiB (CI, COs%) 00yMOBITIO€ 3a0€3MeUYeHHs] MacHBHOTO
CTaHy CTaJeBOi apMaTypu B OE€TOH1, 3aXUIIEHOTO 3aIIPOIIOHOBAHUM MTOKPUTTSIM.

2. IlinTBep/KeHO 30€peKeHHS aAre3MBHHUX BIIACTUBOCTEH JIYKHOTO aJIFOMOCHJIIKaTHOTO
MOKPUTTA 1 MiJBULICHHS KOPO31MHOI CTIMKOCTI 3aXMIIEHOro OETOHY IpH il BKa3aHUX (aKTOpiB
BruuBYy. [IOBHHMIT 3axuCT OETOHY TpH BiAcyTHOCTI 03Hak TpaHcmopty Cl-ioniB micis 90 nukiiB
3BoJIo)KyBaHHS B 5 %-my po3umnHi NaCl 1 BucymyBaHHA mnOpu il BYIJIEKHUCIOTH MOBITPA
3a0e31euyeThCsl P HAHECEHH1 OKPUTTS TOBLIMHOIO 3 MM.

Ioasika. ABTOpPH BUCIIOBIIOIOTH MOJAKY 3a (JIHAHCOBY MIATPUMKY pOOOTH, SIKa BUKOHYETHCS
B paMKax cymicHoro npoekty HaykoBoi pagu JlutBu Ta MiHicTepcTBa OCBITH 1 Hayku YKpaiHu
«[Ipotuais TpaHCHOPTY arpecMBHUX 10HIB SO i CI' B apMOBAHOMY CTaJIEBOK) apMaTypolo
MOPTJIAHALIEMEHTHOMY O€TOHI1 711 MOPCHKOTO Oy IIBHUIITBaY, KOJ MpoeKTy S-LU-22-7.
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ALKALINE ALUMINOSILICATE COATING TO PROTECT CONCRETE AGAINST
THE TRANSPORT OF CL-IONS UNDER PERIODICAL CYCLES OF
WETTING/DRYING
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Abstract. To ensure the durability of constructions is current world tendency of building
industry. It’s well known that the periodical effect of chlorine-containing aqueous environment and
carbonation under the action of atmospheric carbonic gas causes the most risk of the corrosion of steel
reinforcement. The carbonation contributes toward releasing the bound Cl™-ions adsorbed on hydration
products. The advanced transport of Cl-ions ensures the corrosion of steel reinforcement. Thus, the
mean to prevent the transport of aggressive ions in concrete from aggressive environment with
combination of exposure classes XD3 and XC4 is actual for investigations. The coatings based on
alkaline aluminosilicate binders were proposed for protection of reinforced concrete against the ingress
of aggressive ions because of their well-known capability to ones bind in the zeolite-like phases.

The aim of this research was to determine the effectiveness of coating based on alkaline
aluminosilicate binder of the composition (0.2K;0+0.8Na,0)-4.5Si0,-Al,O3-nH,O as protection of
reinforced concrete from transport of CI, COs*-ions under periodical cycles of wetting/drying. The
evaluation of protective properties of proposed coating in real operating conditions under cyclic drying-
wetting in chlorine-containing aqueous environment was determined using the author’s methodology.

Total protection of concrete after 90 cycles of drying-wetting in a 5 % solution of NaCl in the
absence of traces of Cl'-ions transport can be ensured by 3 mm of the coating. High protective properties
of the coating were confirmed by the retention of its adhesion as well as high corrosion resistance of
coated concrete under the action of specified aggressive environment. High protective properties of the
coating are caused by binding CI” and COs? ions in the water-resistant zeolite-like matrices.

Keywords: alkali-activated slag concrete, sodium nitrate, carbonization, sea water, pore structure.
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STRENGTH OF CONCRETE FOR BASES OF ROAD CLOTHES
ON DIFFERENT TYPES OF SECONDARY GRAVEL AND SAND
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Abstract. The task of developing of concrete for the bases of road clothing using secondary
concrete aggregates is relevant for an economic and ecological reasons. The properties of concrete
were compared with different types of coarse aggregate of 8-16 mm fraction: granite river gravel,
secondary crushed stone from recycled reinforced concrete structures, secondary crushed stone
from recycled brickwork and ceramic tiles. Three types of sand with a fraction of 0-4 mm were also
used: quartz, secondary sand from recycled reinforced concrete structures, secondary sand from
recycled brickwork. 2 series of experiments were conducted. During the first series of experiments
Portland cement CEM I11/B-S 32.5 R and superplasticizer Soudal Soudaplast was used (1% from
weight of cement). For the second series of experiments Portland cement CEM 11/B-S 42.5 R and
superplasticizer Berament HT28 was used (1.2% from weight of cement). The mobility of all
mixtures was equal to S1.

Concretes with Berament HT28 superplasticizer had a lower W/C ratio of mixture than
concretes with similar aggregates composition and Soudal Soudaplast superplasticizer. The use of
secondary crushed stone requires an increasing of the W/C ratio of the mixture. The simultaneous
use of secondary sand additionally increases W/C. Due to the lower W/C, the concretes of the
second series have a higher average density than the similar concretes of the first series of the
experiment. Concretes based on granite gravel and quartz sand have the highest average density
(2369-2465 kg/m®). When using secondary crushed stone from reinforced concrete structures, the
average density decreases by 3-5%. When using secondary crushed stone from brickwork and
ceramic tiles — decreases by 8-9%. Concretes based on secondary crushed stone and sand from
reinforced concrete structures have a 6-9% lower average density compared to concretes on granite
gravel. Concretes based on secondary crushed stone and sand from recycled brickwork and ceramic
tiles have the lowest average density — from 2015 to 2061 kg/m®.

Due to the use of higher grade cement and a more effective superplasticizer, the strength of
the concretes of the second series of the experiment at the age of 3 days was 69-190% higher than
the strength of similar concretes of the first series, at the age of 28 days — higher by 67 to 147%.
When using quartz sand, concrete based on secondary crushed stone from reinforced concrete
structures has the greatest strength. At the age of 3 days up to 17.97 MPa and 30.33 MPa, at the
design age (28 days) up to 32.07 and 53.41 MPa for the first and second series, respectively. The
lowest strength (about 16 MPa in the first series of experiments and 27 MPa in the second) had
concretes using only low-strength secondary aggregates from recycled brickwork and ceramic tiles.

In general, all the studied concretes on secondary aggregates were characterized by sufficient
strength for their use in the bases of hard road clothes.

Keywords: secondary crushed stone, secondary sand, secondary concrete aggregates,
superplasticizer, base of road clothes, strength.

Introduction. The task of processing and reusing of the remains of demolished buildings and
structures is becoming more and more relevant for most countries of the world every year. For
Ukraine, such task is even more urgent due to the presence of a significant amount of destruction
caused by hostilities. Among the entire mass of concrete scrap arising from the dismantling of
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buildings and structures, the remains of reinforced concrete structures and brick walls should be
separated. They can serve as high-quality raw materials for the production of crushed stone and
sand.

The recycling of demolished and destroyed structures can provide the production of
significant volumes of secondary concrete aggregates, but the main disadvantage of such aggregates
is their relatively low homogeneity. Taking this into account, the use of secondary aggregates for
concrete for the bases of road clothes can be considered promising. Requirements for the strength
and frost resistance of these concretes are relatively not strict, but the volumes of concreting in the
foundations of roads are significant. The use of rigid bases of road clothing allows to achieve high
durability and functional quality of roads with a cement concrete coating. It is also possible to use
cement-concrete basement for roads with an asphalt concrete surface.

Thus, the task of developing concretes for the bases of road clothing using secondary concrete
aggregates is relevant both from the economic and ecological points of view. At the same time, it is
necessary to develop such concretes taking into account modern modifiers (superplasticizers) and
cements of local production available on the market.

Analysis of recent research and publications. The volumes of waste from the dismantling of
buildings and structures are constantly growing [1, 2]. Every year, it threatens the environment and
human health more and more [3]. Due to the increase in the use of secondary aggregates for
concrete producing, it is possible to solve the problem of processing not only "new" concrete waste,
but also potentially carry out reclamation of construction waste landfills [4].

A promising industry for the use of concrete on secondary aggregates is road construction,
namely the installation of concrete foundations for highways. The basis of road clothing is designed to
reduce the pressure on additional layers of road clothing and the soil of the ground surface. This
happens due to the redistribution of loads from the wheels of transport on a larger area [5]. When
designing rigid road clothing according to IBH B.2.3-4 "it is necessary to provide the using of the of
local materials and industrial waste" [5].

According to I'bH B.2.3-37641918-557, the foundation layers are made from low-strength
cement concrete. It is recommended to use concretes with a design class of By, 1.0 and By, 1.2 in
terms of tensile strength when bending [6]. And according to IBH B.2.3-4, for a monolithic bases,
the minimal class is By, 0.8 (10 kgf/cm?), frost resistance at the average monthly temperature of the
coldest month from 0 to minus 5°C — F25, from minus 5 to minus 10°C — F50 [5]. Thus, the
relatively non-strict requirements for the strength and frost resistance of road wear bases concretes
open up the possibility of their wide use as part of secondary concrete aggregates, in particular low-
strength aggregates.

Some experience has been accumulated in the use of secondary crushed stone in road
construction. In [7] it was established that when replacing up to 30% of granite crushed stone with
secondary concrete crushed stones, the strength of concrete remained sufficient for the construction
of road surfaces. At the same time, four variants of the state of use of the secondary aggregate were
compared: initial, saturated superficially dry, fully saturated, dried. It was established that the
saturated surface-dry state of the aggregate gives the best results in terms of concrete strength, and
the lowest strength is observed when fully saturated crushed stone is used.

In [8], concrete for the bases of road clothing with a compressive strength of up to 6 MPa was
obtained using secondary concrete aggregates and blast furnace slag as a binder. Such a material has
a minimal carbon footprint due to the fact that it is produced only from waste. Material similar in
properties to the foundations of rural roads was obtained in the study [9]. When using secondary
aggregates, lime and fly ash, a strength of up to 3 MPa was achieved. In [10], the effectiveness of
the use of building demolition waste for the concrete of highway foundations, which are laid by the
rolling method, is shown. Due to the use of dispersed reinforcement in [11], concrete based on
secondary aggregates was obtained, which meets the requirements for the installation of rigid road
surfaces.

However, as shown in [12], the use of secondary concrete aggregates in road construction is
limited due to their heterogeneity, low resistance to fragmentation, and high water absorption. In
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particular, it reduces the wear resistance of concrete. That is, concrete on secondary aggregates is
effective precisely for the foundations and lower layers of road clothing, taking into account the
conditions of their operation.

The aim of the work is to determine the influence of secondary crushed stone and sand,
made from dismantled reinforced concrete structures, as well as brickwork and ceramic tiles, on the
properties of the concrete bases of road wear.

Materials and methods of research. For the production of concrete, the following types of
coarse aggregate of the same size, fraction 8-16 mm, were used (Fig. 1):

— granite river gravel mined in the Slovak part of the Danube River. Bulk density of gravel
pp=1570 kg/m?*, water absorption 0.70%;

— secondary crushed stone from recycled reinforced concrete structures. Bulk density of this
crushed stone p, = 1260 kg/m®, water absorption 5.94%:;

— secondary crushed stone from recycled brickwork and ceramic tiles. Bulk density of this
crushed stone p, = 1150 kg/m?, water absorption 8.53%.

§ o . A 8.3 BV € 4
;’:-Q*‘ b Mg w S W j

secondary crushed stone from  secondary crushed stone from
granite river gravel recycled reinforced concrete recycled brickwork and
structures ceramic tiles

Fig. 1. Types of coarse aggregate used for concrete production

In addition, three types of sand fraction 0-4 mm were used (Fig. 2):

— quartz sand with a coarseness modulus of 3.19. Bulk density of sand py = 1935 kg/m?;

— secondary sand from recycled reinforced concrete structures. The coarseness module of this
sand is 3.83, bulk density p, = 1500 kg/m®;

— secondary sand from recycled brickwork and ceramic tiles. The coarseness module of this
sand is 3.72, bulk density p, = 1375 kg/m°.

2 series of experiments were conducted. In the first series (formulations Nela — Ne5a, Nelb —
Nebb) was used Portland cement CEM I1I/B-S 32.5 R manufactured by the Slovak company
Cementaren Ladce (brand 400, containing up to 35% blast furnace slag) and additive
superplasticizer polycarboxylate type Soudal Soudaplast, manufactured Soudal (Czech Republic).
The amount of additive was 1% of the weight of cement.

In another series (formulations Nelc — Ne5c, Neld — Ne5d) was used Portland cement CEM 11/
B-S 42.5 N produced by the Slovak company Cementaren Ladce (brand 500, containing up to 21%
blast-furnace slag) and additive superplasticizer polycarboxylate type Berament HT 28, production
BetonRacio (Slovakia). The amount of additive was 1.2% of the weight of the cement.

The rational quantity for both additives of superplasticizers was determined by the results of
previous experiments.
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A

secondary sand from recycled  secondary sand from recycled
reinforced concrete structures brickwork and ceramic tiles

quartz sand

Fig. 2. Types of sand used for concrete production

In each series, concretes based on granite gravel and quartz sand (basic composition),
secondary crushed stone from reinforced concrete structures and quartz sand, secondary crushed
stone from brickwork and quartz sand, secondary crushed stone from reinforced concrete structures
and secondary sand from reinforced concrete structures, secondary crushed stone from brickwork
and ceramic tiles and secondary sand from brickwork have been researched.

According DBN B.2.3-4 [5], when using a concrete paver with a sliding formwork, the
mobility of the concrete mixture of the base of the road clothing should be from 1 to 5 cm,
depending on the speed of the concrete paver. It is also possible to use mixtures with hardness from
3 to 10 s. Accordingly, the mobility of all the studied mixtures was in the range of cone subsidence
from 1 to 2 cm. To ensure the necessary mobility with different compositions of concrete, the
amount of water varied. The compositions of all the studied concretes of the base of road clothing
are shown in Table 1.

Table 1 — Compositions of the investigated road surface concretes

No Cement Coarse aggregate Sand Additive Water W/C
= | (type, kg/m®) (type, kg/m) (type, kg/m®) (type, kg/m®) | (IIm°)
First series of the experiment

la granite gravel, 1245 132 | 0.440
2a secondary from reinforced

concrete constructions, 1100 quartz, 735 142 10473
3a secondary from brickwork, 980

CEM I1I/B-S y _ Soudal 180 | 0.600

4a | 325R, 300 secondary from reinforced secondary from Soudaplast, 3

concrete constructions, 1100 | reinforced concrete 169 | 0.563

constructions, 665
5a secondary from brickwork, 980 segondary from 231 | 0.770
brickwork, 580

1b granite gravel, 1230 144 | 0.411
2b secondary from reinforced quartz, 695

concrete constructions, 1085 146 1 0417
ig CEM 11/B-S sezzzgizj);:;of?:): '2;‘:;%?;365 secondary from Soudal 2R

325R, 350 concrete constructions, 1085 | reinforced concrete Soudaplast, 3.5 174 | 0.497
constructions, 625
5b secondary from brickwork, 965 se<_:ondary from 242 | 0.601
brickwork, 530
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No Cement Coarse aggregate Sand Additive Water W/C
= | (type, kg/m®) (type, kg/m®) (type, kg/m®) (type, kg/m®) | (Im°)
Second series of the experiment

Ic granite gravel, 1252 124 | 0.413
2¢ secondary from reinforced

concrete constructions, 1122 quartz, 762 138 10460
3¢ secondary from brickwork, 982

CEM I1/B-S Berament 175 10583

4c | 425R,300 | secondary from reinforced secondary from HT28, 3.6

concrete constructions, 1070 | reinforced concrete 168 | 0.560

constructions, 755
5¢ secondary from brickwork, 803 sec_:ondary from 229 | 0.762
brickwork, 765

1d granite gravel, 1233 136 | 0.389
2d secondary from reinforced

concrete constructions, 1112 quartz, 727 141 0.403
3d secondary from brickwork, 968

CEM I1/B-S Berament 183 1 0.523

4d | 42.5R,350 | secondary from reinforced secondary from HT28, 4.2

concrete constructions, 992 | reinforced concrete 166 | 0.474

constructions, 752

5d secondary from brickwork, 789| secondary from 232 | 0663

brickwork, 704

Research results. Due to the use of different types of aggregates, two types of cement in the
amount of 300 and 350 kg/m® of mixture, as well as two types of superplasticizers, the water
consumption of concrete mixtures differed significantly. Accordingly, the W/C of the mixtures
changed, as shown in Fig. 3 diagrams.

A

0,70

w/C

CEM 32.5, Soudaplast

m CEM 42.5, Berament HT28

0.60

0.50

0,40 1

0.20 1

0.10

0.00 +—

Fig. 3. Effect of concrete composition on W/C of mixtures (cone subsidence =1...2 cm)
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As can be seen from the diagram and the data in Table 1, concretes with Berament HT28
superplasticizer have a lower W/C of mixture than concretes with similar aggregates when using
Soudal Soudaplast superplasticizer. The different effectiveness of the additives may also be due to
the different types of cement used in the first and second series of the experiment [13, 14].
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Concretes based on granite gravel and quartz sand were expected to have the least W/C. When
using secondary crushed stone from reinforced concrete structures, the W/C of the mixtures
increased due to the absorption of part of the water by the aggregate. Accordingly, the use of
secondary crushed stone from brickwork and ceramic tiles made it necessary to increase the W/C of
the mixture even more. When secondary crushed stone was used simultaneously with secondary
sand, the W/C of the mixtures increased further and was the maximum for concretes based on
crushed stone and sand from brickwork and ceramic tiles. It should be noted that a significant part
of the water in concrete on secondary aggregates, which are porous, is spent precisely on the
saturation of the aggregate. This has a rather ambiguous effect on the structure of concrete: on the
one hand, it increases the total porosity of the composite material, on the other hand, it improves the
conditions of concrete hardening and the adhesion between the aggregate and the cement matrix
[14, 15]. At the same time, the strength and porosity of the aggregate, in turn, have a significant
impact on the properties of concrete.

For all studied concretes, their average density and compressive strength at the age of 3 and
28 days were determined. The results of determining these indicators are shown in Table 2.

Table 2 — Properties of the investigated concretes for the bases of road wear

Ne Average density, Compressive strength at the Compressive strength at
kg/m® age of 3 days, MPa the age of 28 days, MPa
First series of the experiment
la 2369 12.21 23.88
2a 2303 14,78 25.35
3a 2171 8.28 16.88
4a 2214 10.40 20.27
5a 2015 4.39 10.95
1b 2373 14.21 29.57
2b 2298 17.97 32.07
3b 2164 11.70 24.85
4b 2224 13.85 22.40
5b 2030 6.39 16.07
Second series of the experiment
1c 2458 28.28 47.99
2C 2341 29.45 49.16
3c 2238 21.29 41.63
4c 2288 15.61 35.47
5c 2061 13.04 27.05
1d 2465 29.81 50.18
2d 2358 30.33 53.41
3d 2238 22.23 42.66
4d 2247 23.62 39,77
5d 2034 13.85 27,65

At Fig. 4 is a diagram showing the average density of the tested concretes for pavement bases.

Analysis of the diagram and the data in Table 2 shows that the concretes of the second series
(Portland cement CEM I1/B-S 42.5 N, superplasticizer Berament HT28) have a higher average
density than the concretes of the first series of the experiment, which are similar in terms of the type
of aggregates. This is explained by the lower W/C of the mixtures due to the use of a more effective
superplasticizer. Both for the first and for the second series of experiments, the amount of Portland
cement does not significantly affect the average density of concrete.
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A Average density (kg/m?)
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Fig. 4. Average density of the studied concretes

The general effect of the type of aggregate on the average density of concrete is similar for
both series of the experiment. Concretes based on granite gravel and quartz sand have the highest
density. When using secondary crushed stone from reinforced concrete structures, the average
density decreases by 3-5%. When using secondary rubble from brickwork and ceramic tiles — by 8-
9%. Concretes based on secondary crushed stone and sand from reinforced concrete structures have
a 6-9% lower average density compared to "basic" compounds on granite gravel. The smallest
average density (from 2015 to 2061 kg/m®) has concretes based on secondary crushed stone and
sand from recycled brickwork and ceramic tiles. This is 14-17% less than the average density of
"basic” concretes on granite gravel. Such influence of aggregates is expected and is explained by
their own average density and porosity [16]. To confirm this, in the second series of experiments,
the water absorption of the tested concretes was determined, which is actually their open porosity
and is shown in Table 3.

Table 3 — Water absorption of the tested concretes of the second series of the experiment
(% by volume)

No 1c 2c 3c 4c 5¢c 1d 2d 3d 4d 5d

Water absorption 6.2 7.6 9.7 78 | 139 | 56 7.6 8.7 7.7 | 124

However, the type of Portland cement, superplasticizer and aggregates has a significantly
greater influence on the strength of the studied concretes than on the average density. The
compressive strength of the studied concretes for the foundations of road clothing at the age of 3
and 28 days is shown in the diagrams in Fig. 5.

Analysis of the diagrams and data in Table 2 shows that the strength of the concretes of the
second series of the experiment was much higher in comparison with the strength of the aggregates
similar in type to the concretes of the first series. At the age of 3 days, the difference was from 69 to
190%, at the age of 28 days — from 67 to 147%. This is explained by the use of cement with a
higher grade and, at the same time, a more effective superplasticizer, which provided a lower W/C
of the mixtures.
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Fig. 5. Strength of the studied concretes at the age of 3 days (a) and 28 days (b)

At the same time, the general trends of the influence of the type of aggregate on strength were
similar for the concretes of the first and second series of the experiment. When using quartz sand,
concretes based on secondary crushed stone from reinforced concrete structures have the highest
strength at the age of 3 and 28 days — up to 30.3 MPa and 53.4 MPa, respectively. At the design
age, the strength of concrete on such secondary crushed stone is 2-8% higher than the strength of
concrete on granite gravel. At the age of 3 days for the first series of experiments, the difference in
strength was even greater. This effect is explained primarily by the use in concrete of "basic"
compositions of granite gravel, which has a rolled shape. It is known that gravel has less adhesion
to the cement-sand matrix, which affects the strength of the composite [14]. Secondary crushed
stone has a non-rolled shape and, as noted above, relatively high porosity, which ensures sufficient

Modern construction and architecture, 2023, no. 5, page 79-89



BUILDING MATERIALS AND TECHNIQUES

adhesion with the matrix and improves concrete hardening conditions [15]. However, for many
European countries, river gravel is the main type of coarse aggregate for concrete.

When using secondary crushed stone from brickwork and ceramic tiles (quartz sand as a fine
aggregate), the strength of concrete becomes lower compared to concrete on granite gravel by 18-
32% at the age of 3 days and by 13-29% at the age of 28 days. This is explained by the fact that this
coarse aggregate has the lowest strength among those used in research.

When using secondary crushed stone from reinforced concrete structures simultaneously with
secondary sand, the strength of concrete decreases by 15-26% compared to concrete of "basic”
compositions. This can be explained by a decrease in the strength of the cement-sand matrix due to
the use of porous sand and a corresponding increase in the W/C of the mixture.

When using secondary crushed stone and sand from brickwork and ceramic tiles, the strength
of concrete is 44-56% less than the strength of similar concretes of "basic” compositions on granite
gravel, that is, approximately twice. However, even such concretes with the use of only low-
strength secondary aggregates due to the use of an effective superplasticizer (the second series of
the experiment) have a strength at the design age of about 27 MPa, which satisfies the requirements
for the material of the road wear base. It should be noted that the tensile strength of such concretes
during bending was determined in additional studies. Its value was from 2.8 to 2.9 MPa, which also
confirms the possibility of using such concrete in road construction.

In general, all the studied concretes on secondary aggregates were characterized by sufficient
strength for their use in the basements of hard road wear. At the same time, the concretes of the
second series of experiments based on secondary crushed stone and sand from reinforced concrete
structures, as well as on the basis of any crushed stone and quartz sand, have strength that allows
such materials to be considered as an alternative to “traditional” concrete when arranging the
bottom layer of a two-layer hard coating. However, for use not only in basements, but also directly
in road surfaces, concrete must meet sufficiently high frost resistance requirements (F100, F150)
[5]. When using secondary aggregates, it is quite difficult to achieve this level of frost resistance
and it requires additional research.

Conclusions and prospects for further research. The conducted studies confirmed the
prospects of using concrete on secondary aggregates for the arrangement of the bases of hard road
clothing. When using an effective superplasticizer, even concretes based on low-strength aggregates
from recycled brickwork and ceramic tiles have sufficient strength for such structures.

Further research is planned to determine the flexural strength and frost resistance of concrete
on secondary aggregates. It is also planned separately to determine the degree of homogeneity of
the properties of such concretes, which is important given the potentially high heterogeneity of the
composition and properties of secondary aggregates.
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AHoTanif. 3anada po3poOku OETOHIB IS OCHOBHM JOPOKHBOTO OJSTY 3 BUKOPHUCTAaHHSIM
BTOPUHHMX 3allOBHIOBAUIB € aKTyaJlbHOIO 3 €KOHOMIYHOI Ta €KOJOTi4HOI TO4YOK 30py. IlopiBHSIHO
BJIACTMBOCTI O€TOHIB 3 PI3HUMHU THUIAMH KPYITHOTO 3amoBHIOBaya ¢pakuii §-16 MM: rpaHiTHOTO
pPIUKOBOTO TIpaBil0, BTOPHUHHOTO MIeO€HIO 3 MepepoOIeHnX 3ali300€TOHHUX KOHCTPYKIIiH,
BTOPUHHOTO IIEOEHI0O 3 TepepoOsIeHOT LEMISHOI KJIAaJKh Ta KepaMiyHOi IUIUTKU. Takox
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BUKOPHUCTOBYBAJIOCS TpPHU THUIY TMicKiB ¢pakmii 0-4 MM: KBapuoOBUil, BTOPUHHHMH TICOK 3
nepepoOIeHNX 3a1i300€TOHHUX KOHCTPYKITiH, BTOPUHHUM TICOK 3 TIEPEepOOICHOT METSTHOT KITaJIKH.
[TpoBeneno 2 cepii excriepuMeHTiB. Y meprii cepii BUKOpUCTOBYBaBcsi noptriananemeHT CEM
[1/B-S 32.5 R Ta cynepmiactudikarop Soudal Soudaplast (1% Bixg macu nementy). Y apyriid cepii
BuKopucTtoByBaBcs noptriaananementT CEM II/B-S 42.5 R Ta cyneprutactudikatop Berament HT28
(1,2% Bix Macu nementy). PyxomicTs Beix cymimi Oyna piBHow S1.

beronu 3 cynepmiactudikaropom Berament HT28 manu menmry B/L cymimi, Hixk 6eTOHU 3
aHAJIOTIYHUMHU 3amloBHIOBauaMHu Ta cynepruiactudikatopom Soudal Soudaplast. Buxopucranhi
BTOPUHHOTO IIeOeHI0 Bumarae miaBuiienHs B/Ll cymimi. OqHodacHe BUKOPHUCTAaHHS BTOPHUHHOTO
nmicky noxaTtkoBo migBuirye B/II. 3aBmsxku menmomy B/Il 6etoHu npyroi cepii MarOTh BHIIY
Cepe/HI0 TYCTHHY, HDK aHajoriudi OeToHW mepmioi cepii excriepuMmeHTy. Haitbinmpiry cepenHro
ryctuny (2369-2465 KF/M3) MarTh OETOHM Ha OCHOBI TPAHITHOTO I'PaBilO 1 KBApPIIOBOTO MicKy. [Ipu
BUKOPUCTaHHI HIEOCHIO 3 3aJ1i300€TOHHUX KOHCTPYKIIH cepeqHsl TyCTHHA 3HMXKYEThcs Ha 3-5%.
[Ipn BuKOpHCTaHHI IMIEOCHIO 3 METJSHOI KJIAIKU Ta KepamiyHoi mumTku — Ha 8-9%. beronu Ha
OCHOBI BTOPMHHOTO INEOEHIO 1 MICKYy 3 3a/li300€TOHHUX KOHCTPYKLIH MawoTh Ha 6-9% wmeHmry
CepeHIO TYCTHHY y MOpIBHSIHHI 3 0€TOHAMM Ha TpaHiTHOMY rpaBii. HaliMeHIy cepenHio TyCTHHY
MaroTh OETOHM Ha OCHOBI BTOPMHHOTO IIEOCHIO 1 MICKY 3 MEepepoOSIeHOi HEerysiHOT KIIaaKu Ta
KepaMivHOi IuTku — Bijx 2015 mo 2061 K/,

3aBISIKM 3aCTOCYBAHHIO IIEMEHTY BHUIIOI MapKH 1 OUThII €()eKTHBHOTO CYNEPIUIacTU(IKATOPY
MIIHICTh OETOHIB JApyroi cepii ekcmepuMeHTy y Bimi 3x ai6 Oynma Ha 69-190% Buie MiHOCTI
aHAJIOTIYHUX OETOHIB mepioi cepii, y Bimi 28 ni6 — Bumie Ha 67 1o 147%. Ilpu BUKOpHCTaHHI
KBapLIOBOTO MICKy HaWOUIbIly MIIHICTh MaloTh OETOHI Ha OCHOBI BTOPHMHHOTO IIEOEHIO 3
3aJ1i300€TOHHUX KOHCTPYKIiK. Y Bimi 3x 1i6 g0 17,97 MIla ta 30,33 MIla, y npoekTHOMY Billi 70
32,07 1 53,41 Mlla g nepuoi 1 apyroi cepii Bignosiano. Haitmenmy minnicts (65m3bko 16 Mlla
y mepuriii cepii ekcriepumenty i 27 Mlla y apyriil) manum OeTOHM 3 BHKOPHCTAHHSIM JIHILE
MaJIOMILHUX BTOPUHHUX 3aMIOBHIOBAYIB 3 MepepoOIeHO HErsaHOT KIa K1 Ta KePaMiuHOI IITUTKH.

B mimomy Bci mocimipkeHi OETOHM HAa BTOPHMHHHX 3allOBHIOBAYaX XapaKTEPU3YBaIHCS
JOCTATHHOIO MIIHICTIO JIJIs IX BUKOPUCTAHHS B OCHOBAX KOPCTKOTO JJOPOKHBOTO OJIATY.

Kurouosi cioBa: BTOpHHHMI 111€0iHb, BTOPUHHUM IICOK, BTOPUHHI 3allOBHIOBadl OETOHY,
I1acTU(IKaTOP, OCHOBA JOPOKHBOTO OJIATY, MIIHICTb.
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Abstract. Currently, the primary form of high-grade highways is constituted by asphalt
concrete pavement. Winter conditions often result in ice and snow accumulation on these pavements,
precipitating severe traffic incidents. Statistically, around 15%-30% of such incidents are directly
linked to icy and snowy conditions. Hence, when roads are laden with ice and snow, the most
cost-effective and efficient countermeasure remains the dispersal of deicing salt onto the road
surface. Particularly in China's northwestern region, which experiences low precipitation and
consistent droughts, the deicing salts applied during winter aren't diluted or transported away by
water flow. Consequently, the soil surrounding the roads retains a higher concentration of deicing
salts than other regions, leading to a pronounced impact on the pavement's service life.

This investigation aims to experimentally emulate the impact of this high-salt environment on
the mechanical properties of asphalt mixtures, followed by an analysis of the crucial factors that
influence the asphalt mixtures' durability.

The current study employs measures such as high-temperature rut testing, Marshall water
immersion testing, and freeze-thaw splitting testing to investigate the damage patterns of mechanical
properties in asphalt mixtures under varying grading, diverse deicing salt solutions, and differing
frequencies of dry-wet cycles. In addition, the study employs grey correlation entropy analysis to
ascertain the interdependence among factors influencing the performance of asphalt mixtures.

The findings reveal that after undergoing 0, 5, 10, 15, 20, 25, and 30 dry-wet cycles in
solutions of 20% industrial salt (NaCl), 15% urea (CH;N.0), and 20% anhydrous ethanol
(CH,CH30H), both the high-temperature stability and water stability of asphalt mixtures with
AC-13 and AC-16 gradings displayed varying levels of decline. Overall, an enhancement in the fine
aggregate percentage in asphalt mixtures can augment the asphalt concrete's resistance to deicing
salt erosion. As per the grey correlation entropy analysis, gradation variances exerted the most
significant impact on diverse mechanical properties, followed by the type of deicing salt solution,
with the least significant impact attributed to the frequency of dry-wet cycles. Thus, judicious
selection of road materials and structural design can effectively counter the erosive action of deicing
salts, thereby enhancing the service life of the road surface.

Key words: road engineering, asphalt mixture, dry-wet cycle, pavement performance, deicing
salt.

Introduction. At present, asphalt concrete pavement predominates high-grade highways,
necessitating regular maintenance to mitigate or preclude pavement anomalies [1]. During winter,
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the manifestation of snow and ice on road surfaces potentially escalates the risk of severe traffic
incidents. Statistical data reveal that approximately 15%-30% of traffic accidents are snow and
ice-related [2]. Consequently, the most economically efficient strategy for countering snow and ice
accumulation continues to be the application of deicing salt [3]. Nonetheless, the prolonged use of
deicing salt has been observed to induce substantial alterations in the surrounding ecological
environment of the highways [4]. Additionally, this practice has markedly affected the longevity and
disease susceptibility of the road infrastructure [5].

Analysis of recent research and publications. To ascertain the effects of deicing salt on
asphalt mixtures, pertinent studies have been conducted by various researchers. Juli-Gandara [6]
assessed the salt-induced impact on three disparate asphalt mixtures, discovering a higher
susceptibility of porous asphalt mixtures to salt degradation. Hassan [7] proposed that freeze-thaw
damage inflicted on asphalt mixtures by pure water is less severe compared to when deicing salt is
incorporated. Shi's [8] study identified certain deicing salts as prominent culprits of severe asphalt
pavement damage, advocating that deicing salt, water, and heat represent essential prerequisites for
damage induction. Meanwhile, Wei [9] and Zhou [10] have argued that deicing salt erosion
expedites the aging process of asphalt mixtures. Zhou’s [11] work has illustrated that the higher
surface tension of deicing salt solutions compared to asphalt allows for easier penetration into the
crevices between binder and aggregate, thereby diminishing their interfacial bonding strength.
Further, Pan [12] has theorized that deicing salt permeation into the interface between asphalt and
aggregate can result in asphalt emulsification, consequently impairing the mixture. Although these
studies scrutinize the impact of deicing salt on asphalt mixtures from various viewpoints, they
collectively acknowledge that deicing salt can inflict damage of varying magnitudes on asphalt
mixtures.

In China's northwest region, the prevailing aridity, marked by scant rainfall and incessant
drought, dictates the environmental conditions [13]. During winter, the lack of ample water flow
restricts the dilution and displacement of the deicing salt dispersed on the roadways [14].
Consequently, this arid environment induces a higher concentration of deicing salt within the
road-adjacent soil compared to other regions. Notably, several scholars have scrutinized the effects
of deicer on asphalt mixtures under dry-wet cycles. For instance, Zhang et al. [15] explored the
impacts of these cycles on asphalt mortar's micro-mechanical properties in coastal regions, noting
an increase in the sulfoxide index and large molecule content coupled with a decrease in surface
roughness index as cycle times escalated. Guo's [16] application of the pull-off tensile test to asphalt
and aggregates exposed to salt immersion cycles revealed a more significant pull-off tensile
strength loss following salt immersion than after immersion in pure water. Luo et al.'s [17] findings
indicated a rapid decrease in the splitting strength of asphalt pavement after twelve dry-wet cycles
in a deicing salt solution. Yu et al.'s [18] evaluation of the rheological properties of asphalt
pavement post immersion in a deicing salt solution revealed diminished low-temperature
performance and anti-fatigue properties. However, these pertinent studies have not factored in the
unique environmental characteristics of China's northwest region, limiting their applicability as
references for road design and maintenance in this particular area.

Goal and objectives. Given the distinctive hydrological and climatic conditions of northwest
China, the research team established nine monitoring stations across high-grade highways in Gansu
Province, China. These stations facilitated the collection of long-term data on precipitation and
atmospheric humidity, as well as temperature readings of asphalt pavement [19]. Concurrently,
various commonly utilized deicing salts underwent freezing point analysis at diverse concentrations,
yielding ice point data [20]. Building upon these data, the study employs three appropriate
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concentrations of deicing salt solutions to execute dry-wet cycle tests on two types of graded
asphalt mixtures, taking into account the climatic and hydrological features of northwest China. The
high-temperature rut test is employed to explore the high-temperature stability of asphalt concrete,
while the Marshall water immersion test and the freeze-thaw splitting test are utilized to investigate
the water stability of the same. Various factors influencing the road performance of asphalt mixtures
are assessed via grey correlation entropy analysis, aiming to provide guidance for the selection of
optimal road surfaces and application of deicing salts during maintenance in road design.

Research methods. In consideration of the snow-melting capabilities of the deicing salts, and
taking into account the distinctive climatic and hydrological conditions of Northwest China,
solutions for dry-wet cycles were devised with 15% urea (15% CH4N,0), 20% industrial salt (20%
NaCl), and 20% absolute ethanol (20% CH,CH3;OH). Preparations for the dry-wet cycle test
involved creating Marshall and rut samples of AC-13 and AC-16 gradations. The full dry-wet cycle
process involved:

1) The 24h+0.5h immersion of both gradation samples in the deicing salt solutions, as
demonstrated in Figure 1.

2) Post-soaking, the samples underwent a 24h+0.5h air-drying process, as presented in
Figure 2.

3) Upon completion of the drying phase, the samples were re-introduced to the deicing salt
solutions to initiate the ensuing cycle.

CHaNag

Fig. 1. The samples immersed in deicing salt solutions

Fig. 2. The samples placed in the air
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This methodology denotes a single dry-wet cycle. The experimental procedure encompassed
30 such cycles, with significant indicators assessed at the termination of the 0, 5, 10, 15, 20, 25, and
30 cycles. Given the volatile nature of absolute ethanol, it necessitated the preparation of a fresh
anhydrous ethanol solution for each cycle, while the urea and industrial salt solutions were
refreshed every three cycles. Upon finalization of the dry-wet cycle, rut samples were subjected to
high-temperature rut tests, and Marshall samples evaluated through Marshall water immersion tests
and freeze-thaw splitting tests.

Results Analysis Research and Discussion. The alterations in the dynamic stability (DS) and
loss rate of the two asphalt mixtures following exposure to dry-wet cycles in three distinct deicing
salt solutions are shown in Figure 3.
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Fig. 3. The alterations in dynamic stability and loss rate after dry-wet cycles

Figures 3(a) and 3(b) demonstrate that, for the AC-13 asphalt mixture, there is an overall
downward trend in DS associated with the three different deicing salts as the dry-wet cycles
increase. NaCl has the least impact on DS, followed by CH4N,O, with CH,CH3;OH having the most
substantial impact. Over the entirety of the dry-wet cycles, DS damage related to NaCl is minimal,
at a rate of 4.9%, whereas DS corresponding to CH4;N,O and CH,CH3;OH exhibit rates of 16.0%
and 23.1%, respectively. Furthermore, within 30 cycles, the lowest dynamic stability values for
NaCl, CH4N,0, and CH,CH3OH are 2168, 1915, and 1754 times/mm, respectively, all surpassing
the standard's requirement of 1000 cycles/mm.

From Figures 3(c) and 3(d), it can be deduced that when the gradation of the asphalt mixture
is AC-16, the DS corresponding to the three different deicing salts also generally decreases with an
increase in dry-wet cycles. Here too, NaCl has the least influence on DS, followed by CH4N,0O,
while CH,CH3OH again has the greatest impact. Throughout all the dry-wet cycles, CH,CH3;OH
corresponds to the most pronounced DS damage, at a rate of 37.2%, compared to 19.1% and 15.0%
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for NaCl and CH4N,O, respectively. Additionally, within 30 cycles, the lowest dynamic stability
values for NaCl, CH4N,O, and CH,CH3OH are 2117, 2223, and 1644 times/mm, respectively, all
surpassing the standard's requirement of 1000 cycles/mm.

Upon comparing Figures 3(b) and 3(d), it is evident that the DS decline rate for AC-16
significantly surpasses that for AC-13, suggesting a greater impact of the three salt solutions on
AC-16 in terms of DS.

The alterations in the residual stability (MSp) and loss rate of the two asphalt mixtures
following exposure to dry-wet cycles in three distinct deicing salt solutions are shown in Figure 4.
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Fig. 4. The alterations in residual stability and loss rate after dry-wet cycles

Upon evaluation of Figure 4(a), it becomes apparent that the MS, associated with the three
deicing salts undergoes a decline in line with the progressive increase in the number of dry-wet
cycles for the AC-13 asphalt mixtures. Further analysis of Figure 4(b) reveals that within a total of
30 dry-wet cycles, NaCl imparts the least effect on MS,, exhibiting a loss rate less than 10%. The
impacts of CH4N,O and CH,CH3;OH on MS, show a degree of similarity through the initial 20
cycles, but the 25th and 30th cycles trigger a sudden decline in MSq corresponding to CH4N,O. The
residual stability for CH4;N,O and CH,CH3;OH during the 20th cycle is recorded as 73.8% and
74.6% respectively, failing to meet the existing specifications that demand above 75%. Nonetheless,
the NaCl-associated MS, continues to comply with the current specifications, remaining above 75%
throughout the 30 cycles.

From Figure 4(c), similar to the AC-13 mixture, the AC-16 asphalt mixture also demonstrates
a downward trend in MS, for all three deicing salts as the dry-wet cycles increase. Delving into
Figure 4(d), within the 30 dry-wet cycles, CH,CH3;OH exerts the least effect on MS,, followed by
NaCl, whereas CH4N,O imposes the most significant impact. During the initial 20 cycles, the
influence of NaCl and CH,CH3;OH on MS, appears comparable, but the 25th and 30th cycles
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witness a sharp fall in MS, corresponding to CH,CH3OH. By the 10th, 15th, and 20th cycles, the
MS, values corresponding to CH4N,O, NaCl, and CH,CH3OH are 72 %, 74.7%, and 72.4%,
respectively, each of which falls short of the current specifications' demand for a figure above 75%.

On comparing Figure 4(b) and Figure 4(d), it is discernible that the rate of MS, reduction for
AC-16 marginally surpasses that of AC-13, implying a more pronounced impact of the three salt
solutions on AC-16 in terms of MS,.

The alterations in the tensile strength ratio (TSR) and loss rate of the two asphalt mixtures
following exposure to dry-wet cycles in three distinct deicing salt solutions are shown in Figure 5.
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Fig. 5. The alterations in tensile strength ratio and loss rate after dry-wet cycles

As evidenced by Figures 5(a) and 5(b), AC-13 asphalt mixtures present a diminishing trend in
TSR in relation to all three deicing salts as the quantity of dry-wet cycles augments. Of these salts,
CH4N,O exerts a markedly greater influence on TSR compared to the other two, with a less
pronounced discrepancy between the effects of CH,CH3OH and NaCl on TSR. By the 5th dry-wet
cycle, the TSR for CH4N,O is 68.5%, and by the 10th cycle, the TSRs for CH,CH3OH and NaCl are
68.1% and 68.8%, respectively, failing to achieve the standard's prescribed minimum of 70%.

Referring to Figures 5(c) and 5(d), for AC-16 asphalt mixtures, the TSR shows a similar
downward trajectory as the count of dry-wet cycles expands, with no discernible contrast in the
impact of the three salts on TSR at equivalent dry-wet cycle numbers. By the 10th cycle, the TSR
corresponding to CH,CH3OH is 69.1%, and at the 20th cycle, the TSRs for NaCl and CH4N,O are
69.7% and 66.4%, respectively, not meeting the required standard of a minimum of 70%.

Upon comparison of Figures 5(b) and 5(d), it emerges that for CH4N,O as the deicing salt, the
TSR reduction rate for the AC-16 grading outpaces that of AC-13. However, in the case of NaCl or
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CH,CH3OH being the deicing salts, the TSR decline rate for AC-16 exhibits negligible difference
from that of AC-13.

Grey Correlation Entropy Analysis. First proposed by Professor Ju-Long Deng in 1982, Grey
Theory is a novel engineering system framework designed to adeptly tackle system issues where
information is scant. Over three decades of continued development have seen this theory find
applications across various domains. A particular branch of Grey Theory, Grey Correlation Entropy
Analysis, allows for a comprehensive assessment of data related to the subject of study in situations
of incomplete information, pinpointing the primary and ancillary factors influencing the subject.

The core tenet of Grey Correlation Entropy Analysis is the evaluation of factor relatedness
based on the similarity in their geometric shape progression. The similarity in the development
trends of factor curves signifies a higher degree of closeness and correlation. Conversely, diverging
development trends indicate a lesser degree of correlation and closeness. The process of Grey
Correlation Entropy Analysis involves the identification of reference and comparison sequences,
sequence initialization, calculation of the difference sequence, determination of the correlation
coefficient, and finally, the estimation of the correlation degree.

Utilizing the Grey Correlation Entropy Analysis approach, an examination is conducted to
discern the grey correlation between three determinant factors — gradation of the asphalt mixture,
type of deicing salt, and the frequency of dry-wet cycles — with the dynamic stability, residual
stability, and TSR of the asphalt mixture. This analysis yielded the correlation coefficients between
each of these determinant factors and the dynamic stability, residual stability, and TSR respectively,
as demonstrated in Table 1.

Table 1 — Results of grey correlation entropy analysis concerning influencing factors

Influencing factor Gradation Type of deicing salt Dry-wet cycles

Dynamic stability 0.7035 0.6568 0.5511

Residual stability 0.6620 0.6341 0.5490
TSR 0.7209 0.6750 0.5648

Table 1 elucidates that the mechanical properties of asphalt mixtures under dry-wet cycles are
primarily influenced by the gradation of the mixture. This is followed by the type of deicing salts
utilized, with the frequency of dry-wet cycles presenting the least significant impact. This
observation suggests that judicious selection of road surface materials can mitigate the erosive
effects of deicing salts. Incorporating Liu's research findings on the freezing points of different
deicing salts [19], it becomes apparent that the choice of deicing salt type holds diminished
significance when the environmental temperature ranges between -5 °Cand 0 °C.

Conclusion. Dry-wet cycles were conducted on AC-13 and AC-16 asphalt mixtures using
three kinds of deicing salt solutions, and the subsequent alterations in the mixtures' mechanical
properties were examined. Data from the high-temperature rut test, the Marshall water immersion
test, and the freeze-thaw splitting test were analyzed, leading to the subsequent conclusions:

1. Evaluating from the perspective of high-temperature stability, the detrimental impacts of
de-icing salt solutions on AC-13 asphalt mixture can be ordered in a descending sequence as:
CH,CH30H > CH4N,O > NaCl. Similarly, the adverse effects on AC-16 asphalt mixture due to
these de-icing salt solutions follows the decreasing order: CH,CH3OH > NaCl > CH4N,0.
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2. Employing the MS, for assessing water stability, the ranking of the damaging effect of
deicing salt solutions on AC-13 asphalt mixture is: CH4N,O > CH,CH30OH > NaCl. For AC-16
asphalt mixture, the order is: CH4N,O > NaCl > CH,CH3;O0H.

3. With the TSR as an evaluative parameter for water stability, the sequence of damage for
AC-13 asphalt mixture by deicing salt solutions is: CH4sN,O > CH,CH3OH > NaCl. For AC-16
asphalt mixture, the sequence is: CH,CH3;OH > CH4N,O > NaCl.

4. In general, increasing the proportion of fine aggregates in asphalt mixtures enhances their
resistance against deicing salt erosion.

5. As per the findings from the grey correlation entropy analysis, the gradation of the asphalt
mixture is the leading determinant of its mechanical properties, followed by the type of deicing salt
solution. Conversely, the number of dry-wet cycles exerts the least influence on these properties.

The scope of this manuscript is primarily focused on the macroscopic analysis of the impact
of deicing salts on the mechanical properties of asphalt mixtures. A comprehensive understanding of
these effects also necessitates a microscopic investigation, an aspect not included in the current
study. Future investigations will leverage computed tomography (CT) image scanning or scanning
electron microscopy (SEM) to inspect the microscopic morphological changes in the asphalt
mixtures induced by deicing salt erosion.
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JTOCJIIIKEHHA MEXAHIYHAX BJJACTUBOCTEM TA ®AKTOPIB BILIUBY
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AHortanis. Ha ganuii yac oJHUM 3 OCHOBHMX MaTepiaiiB JUIsl BIAIUITYBaHHS BHUCOKOSKICHHUX
aBTOMOOLIBHUX JOpIr 3anumaerbcs achanbrobeToH. HakomuueHHs 5oy Ta CHITY Ha
acpanbToOETOHHUX TOKPUTTSX B 3MMOBUM Mepiofl 4YacTo NPU3BOASTH /O CEPHO3HUX
JOPOXKHBO-TPAHCIIOPTHUX TIPUTO/A. 3a CTAaTUCTHKOI, Oim3bko 15-30 % Takux 1HIMICHTIB
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0e3mocepeHbO TOB'I3aH1 3 OXKEJNEIHUICI0 Ta CHIromagoM. ToMmy, KOJH JOPOTM BKPUTI JIBOJAOM Ta
CHIrOM, HaOIIBII EKOHOMIYHO €(QEeKTHMBHUM 1 JMdi€BUM 3aX0J0M OOpOTHOM 3 OXKEJIEeAULECIO
3aJMIIAETHCS PO3MOPOIICHHS MPOTHUOXKENENIHOI COJli Ha JOPOXKHbOMY MHOKpUTTi. OcolmmBo B
MiBHIYHO-3aXiqHOMY perioni Kutaro, ne crocrepiraetbCss HU3bKa KUTBKICTH OMAIIB 1 MOCTIiHHI
3aCyXH, IPOTHOXKEIIEIHI COJi, 10 3aCTOCOBYIOTHCS B3MMKY, HE pO30aBISIOTHCA 1 HE 3MHBAIOTHCS
MMOTOKOM BOAU. SIK HACHIAOK, JOPOKHBOTO TMOKPUTTS Ta TPYHT HABKOJIO 30epira€ BHUCOKY
KOHLIEHTPAI[II0 TPOTUOXKEIEIHUX COJICH, HIK B IHIIMX pErioHax, IO MPHU3BOIAUTH O MOMITHOTO
BIUIMBY Ha TEPMiH CIIY>KOHM JOPO)KHBOTO TOKPUTT.

MeToro 1BOro JOCHIHKEHHS € eKCIIEPUMEHTAIbHE MOJICIIOBAHHS BIUIMBY BHCOKOCOJIHOBOTO
CepeloBHUINAa HAa MEXaHIYHI BJIACTHBOCTI ac(anbTOOCTOHHUX CyMillIeH 3 TOAAIBIIAM aHAIi30M
KITIOUOBHX (PaKTOPIB, 10 BILTUBAIOTH HA JIOBTOBIUHICTH ac(halbTOOCTOHHUX CyMIIIEH.

Jnisi TOCSTHEHHST TOCTaBICHOI METH 3aCTOCOBYIOTbCS TakKi METOAM JOCHIJDKEHHS, SK
BUNIPOOYBaHHS BUCOKOTEMIIEPATYpHOI Komii, a TakoX BumnpoOyBaHHS 3a MapmamwioMm Ta
BUNIPOOYBaHHS HAa pO3IIAPYyBaHHS TMPU 3aMep3aHHI-BiATaBaHHI, IO JO3BOJISIOTH JOCIITUTH
3aKOHOMIPHOCTI 3MiHM MEXaHIYHHX BJIACTUBOCTEH ac(anibTOOCTOHHUX CYMIIICH B YMOBAaX Pi3HOTO
IPaHYJIOMETPUYHOTO CKJIaMy, PI3HUX HPOTHOXKEJEAHUX COJNBOBHUX PO3YMHIB Ta PI3HOT YacTOTH
IUKJTIB 3BOJIOKEHHS 1 BHCymIyBaHHsA. KpiM TOro, ajsi BCTaHOBJICHHSI B3a€MO3AJICKHOCTI MIiX
(akTopaMu, 10 BIUIMBAIOTh HA EKCIUTyaTalliiiHi XapaKTepPUCTUKU ac(ambToOCTOHHUX CyMIIIeH, y
JOCHIKEHHI BUKOPUCTAHO EHTPOIIWHUH aHai3 “cipoi Kopemnsii”.

Pesynpratn mokasyiorh, mo micis mpoxomkenHs 0, 5, 10, 15, 20, 25 1 30 nwmxmiB
BUCYIIYBaHHs Ta HacuueHHs y po3unHax 20% texniuHoi coni (NaCl), 15% kap6aminy (CH4N20) i
20% oe3Bognoro eranony (CH,CH3OH), BucokoremmeparypHa CTIHKICTH 1 BOJOCTIHKICTh
acpanprobetony Mapok AC-13 1 AC-16 3Hu3wmwMcs B pi3HIH Mipi. 3araysiom, 30UTBIICHHS
BiJICOTKOBOTO BMICTY JpiOHOTO 3amoBHIOBaua B acganbroOCTOHI MOXE MIABUIIUTU CTIHKICTH
acgarpToOeTOHY 0 COJNIbOBOI €po3ii B OXKEJIEAMII0. 3TiIHO 3 aHAJIi30M eHTpoIIii “cipoi Kopesmii”
PO3DISIHYTO BIUTHB TPhOX (hakTopiB. HaliOinbImnii BIUIMB HA MEXaHIYHI BIACTUBOCTI Ma€ Pi3HHMIIS B
IpaHyJIOMETPUYHOMY CKJIaJi, TOTIM TUIl PO3UYMHY MPOTHOXKEIEIHOI COJll, 1 HaWMEHIINH - YacToTa
[UKJTIB HACHYEHHS Ta BUCYITYBaHHA. TakuM YMHOM, paIlioHAIBHUHN MiA01p CKIaay acaibTro0eToOHy
MIJBUIIYE eKCIUTyaTaliiH1 XapaKTepUCTUKU MTPU HETAaTUBHI JI1i TPOTHOKEIEAHUX COJEH.

KurouoBi cioBa: yopoxHe OyniBHUITBO, ac(haabToOETOHHA CyMilll, LUK MONEPEMiHHOIO
HACHUYECHHS Ta BUCYIIYBaHHS, EKCIUTyaTalliiHI XapaKTEPUCTUKH IOKPHUTTS, TPOTHOXKEIEHA CLITb.
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Abstract. The peculiarities of polymer mortar application for renovation and restoration are
determined on the basis of priority data integration about the destruction mode of valuable historical
buildings. The possibilities of controlling technological, physical-mechanical, and operational
properties of recovery polymer mortar due to the aggregates of different nature are shown.

For the analysis and optimisation, the quantitative relations between the structure and property
factors of recovery polymer mortars and the factors of recipes and technology determining them
were obtained in the form of experimental and statistical models calculated using the COMPEX
system. The optimisation methods of recipe and technological solutions based on the use of
experimental and statistical models are proposed.

The optimisation of polymer mortar composition according to the package of quality indexes
and property stability at high temperature has been carried out. The package of "mixture-
technology-properties” models has been obtained, with the help of which the change mechanisms of
direct and summarizing indexes of mixture technological properties and mechanical properties of
recovery polymer mortars have been established when changing the type of aggregates (ceramics,
quartz, carbonates, their binary and triple mixtures).

The influence of aggregates on the durability change of polymer mortar under the influence of
various temperature-climatic and operational factors (UV-irradiation, alternate action of
temperature and aggressive aqueous solutions) has been studied.

It is recommended to use quantity and type optimal aggregates to provide the complex of
technological and operational properties of polymer mortar and to reduce the consumption of
imported polymer. The rational compositions of polymer mortar with increased stability of
properties under changing temperature and climatic conditions are proposed for different restoration
technologies.

The series of nomograms have been developed for the initial selection of the "area" of rational
polymer mortar compositions, providing for further correction in relation to a specific repairable
object. Technological and marketing analysis according to the research results are carried out.

Key words: recovery polymer mortar, aggregates, rheological properties, strength, optimal
compositions, operational properties.

Introduction. The preservation of architectural monuments from further destruction is the
goal of a number of international programs performed under UNESCO auspices. One of the main
tasks of restoration procedures is to provide the life of buildings and structures while preserving
their historical and architectural authority [1]. The great amount of restoration and conservation
works, complex nature of structural destruction pose new scientific, methodological, and practical
challenges. To solve these problems the special technological methods and materials are required.
The composite materials in the form of protective and structural polymer mortars, as the world
experience shows, are one of the most long-range materials for repair and restoration of stone and
concrete structures. The introduction of the aggregates allows to change the technological and
operational properties of polymer mortars in a wide range. The development and introduction of
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effective polymer mortars based on the use of epoxy oligomers and aggregates of different nature is
an urgent task while improving the technology of restoration work [2, 3].

Analyses of recent studies and publications. By means of research, as well as on the
materials of international conferences and literature sources, the causes and classification of the
main destructions of stone buildings and structures have been considered [4-8]. The first result was
the classification of the most characteristic destructions to be repaired and restored according to the
following characteristics: loss of monolithicity, delimitation of stone masonry, deep and through
cracks, spalling, weathering, stone failure, etc.

The technological peculiarities of restoration works are determined by the variety of object
destructions (which requires the use of different restoration materials with variable technological
and physical-mechanical parameters), as well as the climatic pattern. The most important
engineering tasks (taking into account the quality of engineering staff) include obtaining materials
with the required properties, saving critical imported materials, as well as the related issue of
decision validity.

According to the world experience, one of the most effective ways of repair, protection and
restoration of building structures is the use of polymer-based composite materials [4-7]. One of the
main prerequisites for the effective use of polymer mortars for the restoration purposes is the
development of the scientific and practical base of polymer composites (V.V. Paturoev, V..
Solomatov, V.L. Chernyavsky, V.A. Lisenko, I. Nikolov, R.A. Veselovsky, B.N. Strelenko, I.M.
Yeshin, etc.).

One of the long-range ways to improve the quality and durability of composite materials and
to save the binder is the use of modifying additives and aggregates, optimal both in concentration
and in their physical and mechanical parameters. The use of the aggregates becomes extremely
important under the conditions of expanding the requirements to the properties of restoration
polymer mortars (RPM) (including the achievement of light and texture similarity), regulating the
speed of the technological process and the variety of restoration techniques.

Based on the analysis results of characteristic destructions of buildings and structures, the
codes and recommendations in the field of restoration of historical monuments, a possible package
of technological solutions for the use of polymer mortars for repair and restoration of structures is
proposed. The possible package of restoration works includes: reinforcement of existing
foundations; monolithicity restoration of structural elements; replacement of destroyed material
with new one; bonding of fallen stones and elements; grouting of delaminated masonry; filling of
the cracks with decorative polymer mortar; grouting of the cracks with the injection, etc.

The aim of this study is to develop the compositions of recovery polymer mortar with the
required complex of technological, physical and mechanical, and operational properties when using the
aggregates of different nature and determination of the range of rational compositions that meet the
requirements: effective viscosity within 50 < nmax < 900 Pa-s, compressive strength feim > 90 MPa,
bending strength f., >60 MPa, stability coefficient of RPM properties to temperature Ki=100 %.

Objects and methods of research. Epoxy resin ER-20 was used as a binder in the
experiments; its parameters are similar to the common foreign analogues (Araldite, Epicol, Epoxy);
an amine-type hardener and plasticiser dibutyl phthalate (DBP) were used in the experiments.

The optimisation was carried out using "mixture-technology-properties” models [9]. The
properties of filled epoxy polymer mortars were determined by:

Vi— the aggregate fraction of a certain (I-st) kind, with a fractional composition corresponding
to fine quartz sand:

V3 — the ceramic aggregate; V, — the carbonate aggregate; Vs — the quartz aggregate; > Vi = V;
+ V, + V3 =1, i.e. the factors are interdependent and form a "mixture™;

X1 — the amount of plasticiser DBP (wt.h) — X;=30+10 (20, 30, 40);

X, — the aggregate degree — X,=200+100 (100, 200, 300); the factors X; and X, are
interdependent and can be referred to the term "technology”. The experiment was implemented
according to a specially synthesized plan (Table 1) [9] in the COMREX system.
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Table 1 — Experimental plan

Fillers, part The amount of | The filling

N ceramic | carbonate | quartz plasticiser DBP, | - degree,

(wt.h) (wt.h)
Vl V2 V3 X1 X2
1 0.33 0.33 0.33 1 0
2 0 0 1 1 -1
3 0 0 1 -1 0
4 0 0 1 1 1
5 0 1 0 1 -1
6 0 1 0 1 1
7 0 1 0 -1 -1
8 1 0 0 -1 0
9 1 0 0 1 -1
10 1 0 0 1 1
11 0 0.5 0.5 -1 1
12 0 0.5 0.5 0 -1
13 0.5 0 0.5 -1 -1
14 0.5 0 0.5 0 0
15| 05 0.5 0 0 1

The models in the form of reduced polynomials were obtained for the technological parameters
of mixture quality and physical and mechanical properties of hardened polymer mortars, including the
effective viscosity, flexural and compressive strength, and dynamic modulus of elasticity. The effective
viscosity n was determined with the rotational viscometer "Polymer RPE-1M", which provided
viscosity measurement in the range of 1.8x10°...3.75x10* Pa's. Bending strength ., and
compression strength f.sm (MPa) were determined with test beams 4x4x16 c¢cm; one set of test
beams was tested after 10 days after manufacturing, the other one after 60 days stored at the
temperature T=80°C. The modulus of elasticity E was determined from the initial linear section of
the "load-s" diagram obtained according to step loading with the highest possible average velocity,
which provided that strain readings were taken using two lever strain gauges mounted on the
opposite edges of the test beams.

Research results. Based on the literature data, the main requirements for recovery polymer
mortars were determined. Thus, the viscosity of technological mixtures should vary in a wide range.
Its choice depends, first of all, on the method of polymer mortar introduction into the caverns,
cracks or open surfaces (injection, hand patching, coating or spraying with the aggregates) [10]. As
a rule, the polymer mortars with the bending strength not less than 50-83 MPa and compressive
strength 80-100 MPa are used. The important parameters determining the behaviour of polymer
mortar in the structure include the bond strength of the RPM with the permanent material, the ratio
of elastic moduli and other parameters. The properties of RPM due to the polymer aging can be
irreversibly changed under the influence of temperature, humidity, wind loads, ultraviolet
irradiation, and other climatic factors [11-14].

Under the conditions of insufficiently studied mechanism of structure formation and
destruction of composites and multicriterionality of accepted engineering decisions the most
effective approach to the optimisation of their properties is the application of experimental and
statistical models (ES-models) [9, 15-17]. There is considerable experience in the application of ES-
models in the study and optimisation of composites for various purposes, including polymer
mortars for protection, repair and restoration.

At the second stage, the quantitative dependences of the main RPM properties were
investigated using ES-models package. Their analysis allowed to choose rational concentrations of
the aggregates of different nature for RPM range. The choice of specific types of aggregates (fine
brick rubble, limestone grits, fine sands) was determined on the basis of literature data.

102 Modern construction and architecture, 2023, no. 5, page 100-109



BUILDING MATERIALS AND TECHNIQUES

The values of effective viscosity n (Pa-s), which characterises the structure-forming ability of
the aggregates and was obtained at constant strain (é=const=1¢™), were comparable characteristic of
aggregate surface activity.

The obtained experimental-statistical dependences of the effective viscosity are plotted in Fig. 1
in the form of multicomponent diagrams-tetrahedrons, which were combined with the concentration
space "amount of DBP plasticiser — degree of filling".

Inm = 6.29V; + 2.73V1V3; — 1.29Vi1x; + 1.88Vixy, + 0.32x,°
+4.73V, — 0.61Vyx; + 1.49Vox, + 0.23X1X
+ 2.67V3 — 0.58V3x; + 0.63V3xs
X2

V, carbonate Ne6
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Fig. 1. Nine mixture triangles for the effective viscosity (Pa-s) of the filled
polymer mortar constructed according to the model

The base element is a mixture triangle, on which the viscosity isolines # are shown. The
"high-viscosity” (7max>900 Pa-s) or "low-viscosity” (7max<50 Pa‘s) areas of polymer mortars are
shaded inside each of the nine triangles.

From the analysis of the diagram there are the following technological conclusions. They are
necessary for the choice of ways to regulate the technological properties of mixtures:

— to obtain technological mixtures (50 < 7max < 900 Pa-s) it is necessary, as a rule, to use
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average concentrations of aggregates and plasticiser; the working area is limited "at the top™ by
high-viscosity mixtures with the ceramic aggregate, and "at the top™ by low-viscosity mixtures with
the quartz aggregate;

— maximum viscosity 7max achieved by varying the aggregate type (mixtures do not flow
practically) is determined by the ceramic aggregate Vi, which is explained by high surface activity of
this aggregate and, as a consequence, by more complete formation of oligomer supramolecular
structures;

— the increase of the quartz aggregate proportion leads to a sharp decrease of the viscosity; for
the mixtures V;+V,, the concentration increase of the carbonate aggregate causes a significant
viscosity increase of polymer solutions (on the triangles I-111);

— the interaction of ceramic and quartz aggregates makes it possible to regulate the rheological
properties of polymer mortars within the wide limits; the analysis of the model coefficients » shows
that the greatest effect of structure formation is achieved with the interaction of V; and V.

The sensitive shift of viscosity to the variation of aggregate type was investigated using the
composite indexX =Nmax/Mmin-

The isolines of the model on the supporting square (Fig. 1) indicate a sharp increase of the
system sensitivity to the variations of the concentration and aggregate type — ceramic and quartz.

According to the results of the experiment in 15 experimental points (marked in Fig. 1) the
models for the mechanical properties of hardened compositions were calculated. The models
described the change of bending strength f.m,, the compression fus, and the elastic modulus E of
polymer mortars depending on the type and amount of considered aggregates. In the whole range of
investigated concentrations, with the increase of aggregate degree, the strength factors increase for
RPM with ceramic aggregate; they decrease or do not change for RPM with the carbonate, quartz
aggregates and their mixture. This difference is explained by the unequal rate of polymer transition
from the bulk state to the film state depending on the surface activity of aggregates.

As follows from the analysis of viscosity fluctuation in Fig. 1, the ceramic aggregate has the
highest surface activity in the polymer matrix, since —max. At the same time, it provides the
highest compressive strength. Thus, in comparison with quartz, the introduction of the ceramic
aggregate into RPW (X;=30, X,=200 wt.h.) increases the strength by more than 1.3 times, which
follows from the analysis of the mixture triangle in Fig. 2, a. Its mixing with the quartz aggregate is
very effective to increase the bending loads resistance; in particular, fommax for the same
compositions corresponds to the binary mixture V1+V3 (53% + 47%).

The elasticity modulus decreases with increasing DBP plasticiser amount, firstly for RPW
containing carbonate aggregate. It increases when the quartz aggregate is used. The difference
between deformative and elastic properties of permanent materials and polymer mortars
significantly affects the workability of RPW. Thus, it is necessary to take into account that at
E—min, the polymer mortars have plastic properties which are necessary to reduce internal stresses.
Such stresses arise, for example, at the difference between temperature coefficients of the linear
expansion of polymer mortar and the construction material (concrete, stone). The stiffening effect
(E—max) reduces the difference between the elastic modulus of the materials, which contributes to
the reduction of stress concentration in the contact zone “polymer-permanent material".

The secondary analysis allowed to find out the dependence between the recipes and the
kinetics of internal stresses development. The studies were carried out on a special measuring
complex, which allows to perform simultaneous measurements on 24 samples with the deformation
fixation using MI-2 microscope (“cantilever method").

In particular, it was found that regardless of the composition and structure of the polymer morar,
the first 4-6 days from the moment of preparation are characterised by a sharp stress increase. In the
following 6-10 days a relative stress stabilisation is observed, after which for different compositions the
value of internal stresses decreases by 10-50 %. At the age of polymer mortar more than 25 days the
level of stresses remains practically unchanged, which indicates the completion of the process of
polymer solution structure formation. The compositions, in which quartz sand was used as an aggregate,
are characterised by a lower value of internal stresses than compositions with other aggregates.
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Fig. 2. Complex analysis of aggregates influence on the properties of RPW:
(a) compressive strength feim in the mixture diagram; (b) property stability
coefficient "K" when going from ceramic (V) to carbonate (V) aggregate;
(c) compressive strength stability coefficient K for the aggregates Vi, V,
and Vs; d) optimal region of quartz-filled PRP; e) optimal area with ceramic
aggregate; f) fraction change of fm, under UV-irradiation (1 — unfilled PRM,
2 — quartz aggregate; 3 — ceramic aggregate)

The properties of restoration polymer mortars must meet the necessary requirements. Since
the properties of RPM during the operation can irreversibly change, and this will be reflected on the
durability of structures. The most significant external effects include high temperature of the
environment. Under the influence of temperature, there are the irreversible physical and chemical
transformations, leading to decrease the performance criteria of the material.

In order to assess the resistance of RPM properties to temperature, the comparative analysis of
polymer mortars of the initial state (Pg) and after 60 days at the temperature T=80°C (Pt) was
carried out. The stability index was determined as:

K =2T100%.
Po
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In Fig. 2, b there is K coefficient variation for polymer mortars containing ceramic and
carbonate aggregates, as well as their mixtures. The greatest variations of RPM properties under the
influence of temperature occurred for those compositions in which the carbonate aggregate was
used. The analysis of the isolines of K coefficient on the mixture triangle (Fig. 2, c) allowed to
conclude from the effectiveness of mixing ceramic and carbonate aggregates to increase the
stability of the compressive strength f., of the polymer mortar under the prolonged temperature
effect. In the unshaded area (K>100 %), the polymer mortars are characterised by stable strength.

The joint analysis of the “stability" index models fon u fosm allowed to determine the
compositions of polymer mortars that keep the required quality level under the influence of
temperature. The appropriateness of mixing aggregates, first of all, ceramic and carbonate
aggregates, to increase the stability of RPM properties is shown.

In order to select optimal compositions (Fig. 2. d, e), the isolines of "desirable™ viscosity,
strength and the boundary isolines of stability of strength parameters were superposed on the general
diagrams, in particular, for the polymer mortar with quartz (Fig. 2, d) and ceramic (Fig. 2, e)
aggregates. In the field of rational compositions the polymer mortars meet the following
requirements: technological mixtures — viscosity 50...900 Pa.s; hardened composites: f., =60...80 MPa,
feirm =80...100 MPa, E=1.3...1.6 MPa, K=100 %.

The saving of polymer binder due to simultaneous introduction of two aggregates while
maintaining the specified quality and reducing the impact on temperature factors is achieved by
increasing the amount of quartz aggregate from 150 to 300 wt.h. (Fig. 2, d) or ceramic aggregate
from 100 to 280 wt.h (Fig. 2, e). The narrower variation range of quartz and plasticiser aggregate
(20...25 wt.h) increases the requirements to materials proportioning. The characteristic variation
ranges of RPM compositions are shown in Table 2.

Table 2 — Variation ranges of RPM compositions

Type of filler Mixture Content wt.h.

(equal parts in the mixture) viscosity filler plasticiser
carbonate average 200...300 23...25
ceramic + carbonate increased 100...200 30...40
carbonate + quartz reduced 150...250 20...25
ceramic + quartz average 100...230 20...25

As follows from the performed analysis, the nomograms for the initial reasons of the recovery
polymer mortars recipes with complex filling were developed, which are oriented towards further
refinement in relation to specific objects.

In addition to high temperature, the most significant factors causing RRM destruction include
sun effect (for exposed surfaces), as well as alternating temperature effect and aggressive aqueous
solutions (for building pedestals, foundations, etc.).

The experimental studies to assess the effect of aggregates on the durability of polymer
mortars with the rational composition (Fig. 2. d, e) were carried out: a) under UV irradiation for 6
months; b) under moistening in aqueous solution (concentration of sulfate ions — 20 g/l.) and drying
under hot blast for 300 cycles. To simulate solar radiation, the irradiation stand of the Agrophysical
Institute with the ultraviolet and fluorescent lamps was used, providing the irradiation level of the
samples up to 160 W/mt2.

As the conducted researches have shown, under the influence of UV-irradiation the polymer
mortars undergo almost the same changes as under the action of repeated temperature and humidity
loads. The decrease of the factors is explained by a very significant role of thermo- and photo-
oxidative processes in changing the supramolecular and chemical structures of the polymer. After
some increasing during the initial exposure period, the bending strength of unfilled polymer mortar
decreases sharply thereafter (curve 1, Fig. 2, €). The short-term process of "burst” strength was
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explained by the continuing binder hardening processes under the influence of temperature. The
rapid strength decrease may be due to the oxidative breakdown of the polymer binder and aging of
the polymer. The introduction of ceramic (curve 2) and quartz (curve 3) aggregates into the polymer
mortar prolongs to the strength retention under UV irradiation.

At the same time, the lightfastness of the tested samples was investigated. The most
noticeable changes of the colour and gloss after UV-irradiation were in the samples containing
carbonate aggregate, to a lesser extent — ceramic and quartz. The samples with carbonate aggregate
quickly lose their appearance; "spider lines", as well as chalking, appear on the surface, which is
due to intensive destruction of polymer bonds in a thin surface layer.

The use of the studied aggregates allows to stabilise the properties of polymer mortars under
the combined effect of temperature and aggressive liquid media. Thus, the tests have shown that the
introduction of carbonate aggregate stabilises the elastic modulus E more than ceramic aggregate.
The process of properties changing also has an extreme character. The appearance of the extremum
depends on the type of aggregate. Some strength increase of polymer mortars during the initial
period of exposure is explained by temporary relaxation and more uniform distribution of internal
stresses in the material amount.

Conclusions. The source and special features of damage have been determined and a possible
package of typical technological solutions for the use of polymer mortar for repair and restoration
of damaged structures has been considered.

The model of adjustment nomograms have been developed, which are oriented on further
specification of rational compositions of recovery polymer mortars in relation to a specific object of
repair — renovation.

The influence of aggregates with different nature on the complex of technological and
physical-mechanical properties of recovery polymer mortar has been determined; the possibility of
controlling the polymer mortar properties by using aggregates of different nature has been shown.

The rational compositions of technological polymer mortars are proposed for restoration
works, in particular, with the compressive strength 80-100 MPa and the bending strength 60-80
MPa at minimum internal stresses, with increased stability of mechanical properties under the
influence of high environmental temperature.

The positive influence of rational aggregates on the polymer mortar resistance to the
temperature and climatic factors, including UV-irradiation, alternating effects of temperature and
aggressive aqueous solutions is shown.
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OIIHKA BIIVIMBY HAITOBHIOBAYIB
HA BJJACTUBOCTI PEMOHTHO-BIJHOBJ/IIOBAJIBHUX NOJIMEPPO3YHNHIB
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AHoTanifa. Ha OCHOBI TNpIOPUTETHOTO Yy3arajlbHEHHs [aHUX IMPO XapakTep Ta CTYMHiHb
MOIIKO/DKEHHST  I[IHHUX  ICTOPUYHUX  OyAiBeNb  BU3HAYEHO  OCOOTMBOCTI  3aCTOCYBaHHS
MOJIIMEPPO3YMHY UL PEMOHTY Ta  pecrtaBpamii. [loka3aHO  MOMXJIHMBOCTI  KepyBaHHS
TEXHOJIOTIYHUMH, (PI3UKO-MEXaHIYHUMH Ta E€KCIUTyaTalllfHUMH BJIaCTUBOCTSIMU pECTaBpalliiHOTO
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MOJTIMEPPO3YNHY 32 PaXYHOK HAITOBHIOBAYIB PI3HOT TPUPOIH.

Jns aHamizy Ta onTHMi3amii KijgbKICHI CHIBBIJHOIIEHHS MIX IMOKa3HHUKaMHU CTPYKTYpH Ta
BJIACTUBOCTEH PEMOHTHO-BIJHOBIIOBAILHUX MOJIMEPPO3YHHIB Ta BU3HAYAJIBHUMHU iX (paxTopamu
pelenTypu Ta TEXHOJIOTii OynM OTpUMaHi y BUTJISAII €KCIEPUMEHTAIbHO-CTATUCTUYHUX MOJeNeH,
po3paxoBaHux 3 BukopucTtanHsM cuctemun COMPEX. 3anporoHoBaHo MeToaw ONTHMI3aIil
PELEenTYPHO-TEXHOJIIOTIYHUX PIillleHb, MIO0 TIPYHTYIOTHCSI HAa BHUKOPUCTaHHI EKCIIEPUMEHTAIbHO-
CTaTUCTUYHUX MOJEIIEH.

[IpoBeneHO omTHMI3AIlIO CKJIATy TMOJIMEPPO3YMHY 32 KOMILIEKCOM IMOKA3HHKIB SIKOCTI Ta
CTaOUIbHOCTI BIACTUBOCTEH INMpH MiABHILEHIH Temmeparypi. OTpUMaHO KOMIUIEKC MOJIENIEH THITY
"CyMIII-TEXHOJIOTIS-BIaCTUBOCTI", 3a JIOMOMOTOI0 SIKMX BCTAaHOBJICHO 3aKOHOMIPHOCTI 3MiHH
NpsIMHUX Ta y3arajbHIOIOYMX MOKA3HUKIB TEXHOJIOTTYHUX BIIACTUBOCTEH CyMIlIed Ta MEXaHIYHHUX
BJIACTUBOCTEH PEMOHTHO-BIHOBIIOBAJILHUX IOJTIMEPPO3YMHIB TIPU 3MiHI BHJY HAIIOBHIOBAYiB
(kepamika, KBapI, kKapOoHaTH, IX OIHAPHI Ta MOTPIHHI cymimIi).

JlocImipKeHO BIUTMB HANOBHIOBAYiB Ha 3MiHY CTIHKOCTI MOJIMEPPO3YMHY MpH i Pi3HUX
TEeMIIepaTypHO-KJIIMAaTHYHUX Ta eKcIuTyaTtauidHux (akropiB (Y P-onpoMiHEHHS, MONEpeMiHHHUHA
BILJIUB TEMIIEpaTypH Ta arpeCUBHUX BOJHUX PO3UHHIB).

Jlnsa  3a0e3nedeHHs KOMIUIEKCY TEXHOJOTIYHHMX Ta eKCIUTyaTalliiHUX BJIACTHUBOCTEH
MOJIIMEPPO3YMHY Ta  3HUKEHHS  BUTPATH  IMIOPTOBAHOTO  IMOJIIMEPY  PEKOMEHIOBAaHO
BUKOPHCTOBYBAaTH ONTHMAJIbHI 32 KIJBKICTIO Ta BUAOM HAmoOBHIOBadi. {7 pi3HUX TEXHOJIOTIH
pecTaBpariiHuX poOIT 3ampONOHOBAHO PAIliOHATBHI CKIAJAHM IOJIMEPPO3YHMHY 3 TiIBUIICHOIO
CTaOUIBbHICTIO BIACTUBOCTEH 3a 3MiHU TEMIIEPATypHO-KIIMAaTUYHAX YMOB.

Po3pobrieno cepii HomMorpam sl IEpBHHHOTO BHOOpY "oOsacTi" paiioHaNbHHUX CKIAIIB
MOJIIMEPPO3YNHY, IO TMependadaroTh MOAANbIIe YTOUYHEHHS CTOCOBHO KOHKPETHOTO O0'eKTa
peMoHTy Ta pectaBpauii. I[IpoBegeHO TeXHONOriYHI Ta MAapKETUHIOBI OMpAIIOBaHHS 32
pe3yJibTaTaMu JIOCIiKCHb.

KiarouoBi ciioBa: peMOHTHO-BITHOBHHIA IOJIMEP, HAIOBHIOBAYl, PEOJIOTIYHI BIACTHBOCTI,
MIIHICTh, ONTUMAIbHI CKIIAH, EKCILTyaTaIliiiHi BIACTUBOCTI.
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Abstract. The article presents the results of a study of the influence of highly active mineral
additives on the physical and mechanical properties of ultra-high strength concrete. Currently,
according to the classical concept of making ultra-high strength concrete, a significant amount of
ultradispersed microsilica is introduced, which determines the increased cost of its preparation. In order
to obtain cost-effective ultra-high-strength concrete, the composition of mixtures was evaluated
according to the criteria of strength and economy by replacing microsilica with technologically
optimized highly dispersed zeolite (SSA=1200 m?/kg), which belongs to the class of superzeolite. It is
shown that for modified concrete with the addition of microsilica, the compressive strength after 2 days
is 88.8 MPa, after 28 days — 161.0 MPa. When microsilica is partially replaced by superzeolite,
sufficiently high mechanical parameters are achieved: after 2 days the compressive strength is 75.8
MPa, after 28 days the strength increases by 2.1 times and is 163.2 MPa, in this case a flexural strength
of 12.1 MPa is achieved. The microsilica has a positive effect due to increased reactivity, especially at
an early age. Similarly, the fine fraction of superzeolite is characterized by the acceleration of the
pozzolanic reaction, while the coarser fraction contributes to increasing the degree of hydration of the
Portland cement due to the desorption of water molecules from micropores and provides internal care
for concrete. The cementitious matrix is compacted by filling the intergranular space due to the
formation of nanodispersed C-S-H phases. Thermal analysis showed that the amount of calcium
hydroxide in the superzeolite cementitious system is 2.75% or 66 kg/m®, which meets the requirements
for ultra-high strength concrete. The synergistic combination of microsilica and superzeolite with high
surface activity and polycarboxylate superplasticizer provides high packing density and the necessary
strength characteristics of ultra-high strength concretes, as well as contributes to their cost-efficiency,
which opens the prerequisites for a large-scale engineering application of such concrete in
construction.

Keywords: ultra-high strength concrete, microsilica, superzeolite, polycarboxylate
superplasticizer, strength, structure formation, cost-effective design.

Introduction. One of the most important directions in construction is the development of
construction materials of a new generation, in particular, ultra-high strength concretes, which are
characterized by improved construction and technical properties and belong to the class of ultra-
high performance concretes. Such concretes are attracting increasing interest worldwide due to high
mechanical properties and durability [1, 2]. Currently, ultra-high strength concrete is mainly used
for the construction of high-rise buildings, bridges, tunnels and other structures that require high
bearing capacity and durability. At the same time, ultra-high strength concretes have problems that
require attention and solutions, in particular, such as fragility, significant heat generation, low crack
resistance, high cost, etc.
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Analysis of recent research and publications. Ultra-high strength concretes (UHSC) belong to
a special class of cementitious materials, which are formed with an optimized gradation of granular
components, a low water-to-binder ratio (W/C = 0.20...0.25), and the addition of mineral and
chemical additives [3, 4]. As a result, ultra-high strength concrete has a compressive strength that is
approximately 3-5 times higher than traditional concrete. The resulting material is characterized by
increased workability (slump flow > 200 mm), high mechanical parameters (after 28 days,
compressive strength > 150 MPa, tensile strength > 7 MPa, modulus of elasticity 40...60 GPa) [5, 6].
These characteristics of UHSC are mainly based on the high packing density, which is achieved by
calculating the amount of fine particles such as cement, microsilica and quartz sand. Due to the
increased specific surface of small particles and low water content, the use of significant amounts of
superplasticizers is necessary. Ultra-high strength concrete is obtained by modification with surface-
active substances and highly dispersed active mineral additives. However, the high preparation cost of
ultra-high strength concrete limits its large-scale engineering application [7, 8].

Improving the packing density of cementitious materials by mixing with ultrafine
supplementary cementitious materials plays an important role in increasing the physical and
mechanical properties of concrete caused by minimizing the void content in the cementitious matrix.
Ultrafine particles of active mineral additives are characterized by high values of the interphase zone
and surface energy, and also provide a more complete synergistic effect of other components, forming
a rheological matrix of the concrete mixture with a minimum water content. That in turn contributes
to the directed formation of the microstructure of the cementitious matrix and thanks to its compaction
and pozzolanic reactions in the non-clinker part [9]. Therefore, very high packing density is the main
attribute in achieving low porosity of cementitious matrix, which leads to significant durability of
ultra-high strength concrete compared to conventional concrete [10].

The excellent characteristics of ultra-high strength concrete, such as durability and high
mechanical parameters, largely depend on the physical properties and kinds of highly active mineral
additives used. One of the commonly used amorphous silicon dioxides is microsilica, a by-product of
industrial silicon production with a particle size in the submicrometer range. Microsilica in the early
period of hydration plays an important role not only as a microfiller, but also as a superpozzolana. At
the same time, the high content of microsilica in the composition of ultra-high strength concretes can
lead to an increase in the viscosity of the mixture and agglomeration, which leads to a decrease in the
mechanical properties of concrete. On the other hand, the size of amorphous SiO; particles in
submicrometers is effective for filling the voids present among the particles of cement and other
constituent materials, that is, it manifests itself as a microfiller effect [11].

Large reserves of natural pozzolana — zeolite tuffs — are concentrated in Europe. At the same
time, zeolites increase the water consumption of cement, which slows down the development of
their strength [12]. On the other hand, the use of "super zeolite", which is a natural zeolite crushed
to a smaller size than cement, opens up significant prospects. Such a "superpozzolana” provides an
increase in the density of laying cement mortar with the same ease of workability [13]. It should be
noted that in ultra-high strength concrete, which is developed with a low water-to-binder ratio, the
hydration of the cement grains can potentially be limited. To solve the problems related to
hydration, the possibility of using superzeolite, which has a high porous structure, should be
investigated to ensure the internal care of the cementitious system with the age of hardening [14].

In this regard, it is advisable to conduct research on the replacement of microsilica or its part
in the composition of the mixture for ultra-high strength concrete with addition of superzeolite,
which will contribute to the improvement of the entire hydration process due to its high pozzolanic
activity and ability to internal care with the age of concrete hardening. Modification of cementing
systems with an organic component makes it possible, by changing the nature of their surface
within wide limits, to activate the processes of structure formation of the cementitious matrix and to
improve its microstructure. The improvement of the modern concept of creating ultra-high strength
concrete is achieved by using highly effective modifiers and introducing highly dispersed active
mineral additive such as superzeolite.
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The purpose and tasks of the work — research of the influence of highly active mineral
additives of microsilica and superzeolite on the processes of structure formation of the cementitious
matrix and mechanical properties of modified fine-grained ultra-high strength concretes.

Research materials and methods. Production of high-quality concrete mixtures is ensured by
Portland cement CEM 142.5 R PJSC "lvano-Frankivskcement", which meets European standards and
is made on the basis of Portland cement clinker with a standardized mineralogical composition.

For designing the grain composition of ultra-high performance concrete, fine sand from the
Davydivsky deposit (Lviv region, average density p,=1370 kg/m?, fineness modulus FM=1.16) and
sand from the Slavuta deposit (Khmelnytsky region, p,=1502 kg/m*, FM=2.0) were used.

Highly active microsilica EIkem Microsilica Grade 940-U (SiO, content — 92.3 mass.%, SSA =
16 m?/g) was used as an artificial mineral additive. As a component of pozzolanic action, zeolite
tuff from the Sokyrnytskyi deposit (Transcarpathian region) was used, the main mineral of which is
clinoptilolite (Na, K)4CaAlgSizn07,24H,0. Technologically optimized highly dispersed zeolite
(SSA =1200 m?/kg) belongs to the class of superzeolite, which allows to increase the packing
density and improve the cohesion of cement paste. Characteristically, the cost of superzeolite is an
order of magnitude lower compared to microsilica, which creates broad prospects for its mass use in
concrete technology.

Particle size distribution of samples of finely dispersed active mineral additives was
determined using a Malvern Mastersizer 3000 laser granulometer in the range from 0.01 to 3000 pm
[15]. For Portland cement CEM | 42.5 R (SSA=350 m%/kg), particles smaller than 1.0 and 5.0 um
make up 3.90 and 18.92%, respectively. Superzeolite has a bimodal distribution of particles by
volume, while the amount of fine fraction up to 5.0 um is 38 vol. %. This fraction makes the main
contribution to the specific surface of superzeolite. Average diameters by specific surface area
D[3;2] and volume D[4;3] for portland cement, microsilica, and superzeolite are 5.21 and 24.8 um,
respectively; 0.40 and 10.0 um; 3.81 and 19.6 um. The increased content of highly dispersed
particles in the range of up to 1.0 um is characteristic of microsilica determines its significant
specific surface and high excess surface energy. An increase in the surface activity of small
fractions and the packing density of large grains creates the possibility of increasing the early
strength of multicomponent cementing systems.

Highly effective superplasticizers based on polycarboxylate ethers with nanosized molecular
chains were used as modifiers to increase strength due to a significant water-reducing effect. The
special molecular configuration of Master Glenium ACE 430 from the BASF company promotes
the acceleration of cement hydration.

X-ray phase analysis of concrete samples after 28 days of hardening was performed using an
Aeris Research Benchtop X-Ray Diffractometer from Malvern Panalytical.

Thermal analysis of the samples was carried out on a derivatograph Q-1500 of the Paulik-Paulik-
Erdey system in the temperature range of 20-1000°C. The samples were analyzed in dynamic mode
with a heating rate of 10 °C/min in an air atmosphere. The weight of the sample was 500 mg.

Research results. Research on the mechanical properties of concrete was carried out on the
optimized composition of the mixture of components. As a rule, granite aggregate has various defects
and microcracks that limit the strength of concrete. Therefore, in the mixture coarse aggregate was
replaced by finer aggregate, which has better mechanical properties. Flexural strength was evaluated
on 40x40x160 mm prisms, and compressive strength on halves of these prisms in accordance with EN
1015-11. Workability was tested in accordance with EN 1015-3. The composition of the concrete
mixture was characterized by the quantitative content of components with a consumption of materials
per 1 m* C =800 kg, A = 1165 kg (sand with FM=2.0 — 1000 kg + sand with FM=1.16 — 165 kg),
active mineral additives — 200 kg, superplasticizer Master Glenium ACE 430 (2.5%) — 20 kg, water
195...205 kg (W/C=0.25). A high-speed mixer was used for the production of ultra-high strength
concrete, while the movement time was optimized to achieve homogeneity and quality of the mixture
and was 8-10 minutes. The mobility of the mixture was characterized by the spreading of 300 mm
cone. In order to improve the quality indicators of ultra-high strength concrete, the compositions were
adjusted by replacing microsilica with the addition of superzeolite by 50% and 100%, respectively.

112 Modern construction and architecture, 2023, no. 5, page 110-116



BUILDING MATERIALS AND TECHNIQUES

Tests were carried out for concrete through 2; 7 and 28 days of hardening.

As can be seen from Fig. 1, for concrete with additive of microsilica the compressive strength
at an early age is R, = 88.8 MPa, after 28 days —161.0 MPa and the flexural strength — 12.1 MPa.
For concrete with the addition of superzeolite, the compressive strength after 2 days — 57.6 MPa,
after 28 days — 163.2 MPa. With the introduction of active mineral additives in the amount of 100
kg of microsilica and 100 kg of superzeolite, slightly higher strength indicators are achieved in the
early stages of hardening compared to concrete with superzeolite additive; in this case the flexural
strength — 12.3 MPa.
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Fig. 1. Compressive strength of concretes with additives of microsilica (1), superzeolite (2) and
microsilica + superzeolite in a ratio of 1:1 (3) dditives of microsilica (1), superzeolite (2) and
microsilica + superzeolite in a ratio of 1:1 (3)

According to the X-ray analysis data the diffraction patterns of the cementitious matrix with
the addition of microsilica show lines of calcite (d/n=0.303; 0.249 nm) and hydrated phase —
calcium hydroxide (d/n=0.490; 0.263 nm). The introduction of microsilica with increased reactivity
contributes to the acceleration of the pozzolanic reaction with the additional formation of C-S-H gel
clusters. After 28 days of hardening of concrete with addition of superzeolite a decrease in the
intensity of calcium hydroxide lines is observed (Fig. 2); at the same time, intense lines of quartz
appear (d/n=0.334, 0.244, 0.223; 0.212; 0.181 nm) and line of calcite are fixed.
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Fig. 2. Diffractogram of cementitious matrix with superzeolite additives after 28 days
of hardening
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As can be seen from the thermogravimetric analysis data (Fig. 3), the amount of calcium
hydroxide in the cementitious matrix with microsilica does not exceed 1.5%, while the amount of
Ca(OH); in the composite with the addition of superzeolite is 2.75% or 66 kg/m*, which meets the
requirements for ultra-high performance concrete. In this case, the amount of bound water in fine-
grained concrete with the addition of superzeolite (4.66 mass. %) is slightly higher than with the
addition of microsilica (4.48 mass.%). As a result of the pozzolanic reaction of superzeolite, the
cementitious matrix is compacted by filling the intergranular space.
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Fig. 3. Thermograms of concrete with the addition of microsilica (a) and superzeolite (b) after 28
days of hardening

The results show that microsilica has a positive effect, mainly due to increased reactivity,
especially at an early age. The fine fraction of superzeolite is characterized by the acceleration of
the pozzolanic reaction, and the coarser fraction helps to increase the degree of hydration of the
cementing system due to the desorption of water molecules from micropores, which provides
internal care for concrete. The combination of microsilica and superzeolite with a polycarboxylate
superplasticizer to a greater extent ensures the maximum density of the cementitious matrix and
strength properties of ultra-high-strengh concretes, and also contributes to their cost-effectiveness.

Conclusions:

1. Cost-effective ultra-high strength concrete is developed using a multi-level particle packing
approach to maximize the density of mixture of multi-fraction fine aggregates and polymineral
cementing systems. It was established that modified concrete with additives of microsilica and
superzeolite is characterized by increased mechanical properties: at an early age the compressive
strength is Rc; = 75.8 MPa, and after 28 days increases by 2.1 times and is 163.2 MPa, while the
flexural strength Ryg =12.3 MPa is achieved.

2. It is shown that superzeolite allows to reduce bleeding, sedimentation, increase the water-
holding capacity of the mixture, as well as to provide internal care, as a result of which the strength
of concrete increases with the age of hardening. The amount of calcium hydroxide in the
cementitious matrix with the addition of superzeolite is 2.75% or 66 kg/m®, which meets the
requirements for ultra-high strength concrete. The replacement of microsilica with superzeolite
provides a reduction in the production cost of ultra-high-strength concrete, which largely
determines the practical feasibility of its large-scale engineering application in construction.

Prospects for further research. To increase the efficiency and durability of ultra-high
strength concrete, it is advisable to continue research in the direction of developing compositions
with additives of nanosilica and various types of reinforcing fiber materials.

Gratitude. The authors express their gratitude to the Ministry of Education and Science of
Ukraine for supporting the project (registration number 0123U101832), which is being
implemented at the expense of budget funding in 2022-2023.
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AHoTauis. Y cTarTi HaBeJCHO PE3yIbTATH JOCIIKEHHS BIUIMBY BUCOKOAKTUBHUX MiHEPAIbHUX
n00aBOK Ha (Pi3MKO-MEXaHIYHI BJIACTUBOCTI HAJBHCOKOMIIIHUX OeToHIB. Ha manuii wac, 3rigHO 3
KJIACUYHOIO KOHIICTIIIEI0 BUTOTOBJICHHS HAJBUCOKOMIITHOTO OETOHY, BBOJAWTHCS 3HAYHA KUIBKICTH
yABTPAAUCTIEPCHOTO MIKPOKPEMHE3EMY, 1110 3YMOBIIIOE MiJIBUIIEHY BapTiCTh HOTO MPUrOTyBaHHs. J{i1s
OTpUMaHHS PEHTAOCNBHUX HAJIBUCOKOMIIIHUX OCTOHIB TIPOBEICHO OIlHKY CKJIQAy CyMimed 3a
KPUTEPISIMA MIIHOCTI Ta EKOHOMIYHOCTI HUIAXOM 3aMiHU MIKPOKPEMHE3eMy Ha TEXHOJIOTIYHO
ONTUMI30BaHUN BUCOKomucHepcHuid 1eomt (SSA=1200 wm2/kr), sKAHA HAICKHTh O Kiac
cynepueoniry. Ilokazano, mo mis moaudikoBaHOro OETOHY 3 JIOJAaBaHHAM MIKPOKPEMHE3EMY
MIITHICTh Ha CTHCK uYepe3 2 noou cranoBuTh 88,8 MIla, uepe3 28 mi6 - 161,0 MIla. BcranosneHo, 1o
IIPU YACTKOBIM 3aMiHI MIKPOKPEMHE3eMY CYIEpPIEOITOM J0CITaloThCcs JOCTATHRO BUCOKI MEXaHIYHi
MOKa3HUKH: yepe3 2 100U MIIHICTD MPU CTUCKY cTaHoBUTH 75,8 Mlla, yepes 28 mi6 MinHICTh 3pocTae
B 2,1 pasu 1 ckimamae 163,2 Mlla, npu mpomy pgocsiraeTbest MinHICTh Ha BuruH 12,1 Mlla.
MiKpoKpeMHe3eM BHOCUTH MTO3UTHUBHUHN €(DEeKT 3aBISKHM IiIBUILECHIN peaKmiiHii 31aTHOCTI, 0COOIMBO
B pPaHHbOMY Billl. AHANIOri4HO JApiOHA (paKiis CYMEPIEONiTy XapaKTepPU3YeEThCS MPUCKOPEHHSIM
peakIii myroIaHizallii, ToAl sSK rpyorra Gpakiiis Crpuse MiABUIICHHIO CTYIIEHS TiIpararlii IIeMEeHTHOT
CHCTEMH 3a PaxXyHOK JecopOIlii MOJIEKyN BOJIHU 3 MIKpOMOp, TOOTO 3a0e3rnedye BHYTPIIIHINA 0TI 3a
O0eroHOM. B pe3ynbrari MylosiaHOBOI peakiii MIKpOKpEeMHE3eMy Ta CYMHepLeoiTy BiaOyBaeTbCs
YUIUTBHEHHSI LEMEHTYIOUOi MAaTpulll LUISIXOM 3allOBHEHHS MIDK3E€pPHOBOIO IPOCTOPY 3a PaxyHOK
yrBopeHHs1 HaHomucriepcanx C-S-H ¢da3. Tepmiunmii aHami3z CBiqUWTh, IO KUIBKICTh KaJIBILIO
TJIPOKCUAY B LIEMEHTYIOUIN CHCTEMI 3 CYNEPIIEOIIITOM CTaHOBUTH 2,75% abo 66 KI/M>, 110 BiZITOBIIa€
BUMOTaM Ui HaJBUCOKOTOMIIHOTO OeToHy. IlpemcramieHi pe3yiabTaTd CBIOYaTh PO TE€, IO
CHHEpPreTHYHE MO€JHaHHS MIKPOKPEMHE3EMY Ta CYIEpLEOIiTy 3 BUCOKOIO MOBEPXHEBOKO aKTUBHICTIO
Ta TMOJIIKApOOKCUIIATHOTO CymepruiacThudikaropa 3ade3nedye MiBUIIEHY MIUIHHICTh YIAKOBKU 3€peH
LIEMEHTYIOUOi MaTpHili, HEOOX1HI MILHICHI XapaKTEPUCTUKH HAJBHCOKOMILHOIO OETOHY, a TaKOX
CHpUsie 3HW)KEHHIO BapTOCTI IOro MpUroTyBaHHS, IO BIAKPUBAE MEPEAYMOBU ISl OUIBII
HIMPOKOMACIITaOHOTO 3aCTOCYBAaHHS TAKOTO OETOHY B OY/IBHHUIITBI.

KiarouoBi cioBa: ©OeToH HAaJABHUCOKOI  MIIIHOCTI, MIKPOKPEMHE3EM, CYMNEpLEOIT,
NoJIiKapOOKCUJIATHUN  cynepruiacTU(ikaTop, MiLHICTb, CTPYKTYPOYTBOPEHHS, €KOHOMIYHE
MIPOEKTYBaHHSI.

Cratta Haaidnuia o penakuii 9.08.2023
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Abstract. One of the main utilities used to obtain drinking water in households and drinking
water supply in towns are filters with drainage distribution and diversion systems in their main
structural elements. The filters are equipped with porous pipes for distributing and collecting water to
increase efficiency and reliability. Therefore, obtaining reliable methods for their calculation is of
scientific and practical interest.

The article notes that water in distribution and collection pipelines moves with a variable flow
rate along the way. Moreover, the inflow or outflow of water depends on the pressure variable along
the length of the pipe. If the movement is free-flowing, it depends on the variable water level. While
for porous pipes, this movement is continuous.

The subject of fluid moving with a variable flow rate has been studied by many authors; however,
the dependences obtained in those cases mainly concerned perforated pipelines and open trays.

The authors study the operation of a porous pipe under the conditions of free-flow movement,
which is described by two equations, the movement of fluid inside the pipe and the movement of fluid
through the pipe's walls. The article indicates the complexity of this problem. Namely, the fact that
these equations are interconnected. That is, the fluid flow through the pipe walls depends on the depth
of the water layer in the pipe, which is determined by the equation of motion inside the pipe. Similarly,
the law of depth change is defined, particularly by the laws of the inflow.

A mathematical model was obtained during the investigation of the uneven distribution and
collection of water by a porous pipe. Based on this model, an approximate calculation method was
developed, which makes it possible to get the value of the average flow depth in the pipe from the
critical depth of water installed at the end of the pipe. To simplify the calculations, the article gives
the corresponding nomograms.

The validation of the model was carried out on an experimental setup. The analysis of the
experimental data showed good correspondence to the calculation results performed according to the
approximate method, i. e. the deviation of the flow depth in the middle section does not exceed 1.5%.

Keywords: porous pipe, free-flow movement, filters, collection (outflow) of water, hydraulic
calculation.

Introduction. One of the priority tasks of the state is to provide settlements with high-quality
drinking water, which is established by the Law of Ukraine "On Drinking Water and Drinking
Water Supply”. Ukraine wants to adjust its regulatory documents on drinking water supply with
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regulatory acts of the European countries [1]. It requires an increased efficiency of water treatment
facilities and improvement of both the construction and hydraulic calculation methods [2].

Usually, to obtain water of the required quality, it is necessary to connect with the
technological scheme of water purification in filtering facilities. At water treatment plants, filters
are the most expensive and complex structures. The quality of the water supplied to the consumer,
the practical productivity, and even the economic indicators of the entire station depend on them [3, 4].
In recent years, systems of porous pipes have been widely used in drainages and flushing water
removal systems to intensify the work of fast filters [5, 6]. Therefore, improving the methods of
hydraulic calculation and optimization is a vital task.

The analysis of recent research and publications. Water in porous distribution and
collection pipelines (channels) moves with a variable flow rate, so it is impossible to describe the
movement using the usual Bernoulli equation. Moreover, the inflow or outflow of water depends on
the pressure variable along the length of the pipe. If the movement is free-flowing, it depends on the
variable water level. The inflow or outflow of water can be continuous (if the pipe wall is porous)
or discrete.

Many authors have studied fluid movement patterns with a variable flow rate. Numerous
studies concern the movement of fluid with a variable flow path in perforated pipelines and open
trays [7-12].

The research conducted by G.A. Petrov is devoted to the movement of fluid with a variable
flow rate. From the equation of the amount of flow, he obtained the equation for a pressureless
prismatic channel [13]:

2
289 40 = AL W g+ a4 i, i, )=0 (1)
gw gw- ¢oh

The closest to this question is studying fluid movement in channels covered by porous plates [14].

It appeared that the equations for the dynamics of variable mass differ from those for constant
mass. It happens mainly because of the loss of energy due to the so-called "mixing"” of masses or
vortex resistance. During the flow of liquid these losses, in many cases, reach values that
significantly exceed the usual losses due to internal friction. Vorticity is formed during outflow or
inflow of water when the liquid is moving with a variable flow rate in perforated distribution pipes.
This is caused by turbulent jets. It is these vortices that provide additional support to the main mass
of the moving liquid. When collecting or draining water through porous pipes, vortices may also
form at the boundary between the main flow and the porous layer. However, their size will be
smaller compared with perforated pipes, since the pore sizes are much smaller than the diameter of
the holes in the collection and distribution pipes. Accordingly, the speed of water entry (exit) is
much lower than that of the transit flow.

The purpose and objectives of the research. The article is dedicated to the study of the
porous pipes operating in pressureless movement. The task of these studies is to obtain an
approximate method of calculation when collecting and draining water.

Research materials and methods. Let us consider a porous pipe (Fig. 1) with a constant
radius R laid with a slope iy in the direction of the flow.

A decline curve is created in the pipe and the depth of this flow (h) will vary along its length,
while the water level outside the pipe (H) is constant. Inflow of water to the pipe can occur in two
zones, namely in the area below the water level in the pipe (z < h), where the specific inflow is q,
and in the area above the water level in the pipe — inflow g,. The mathematical model of the work of
a porous pipe is defined by two main equations [15]:

1) movement of liquid inside the pipe;

2) fluid movement through the pipe walls.
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These equations are
interconnected, i.e., the flow of liquid
through the walls of the pipe depends
on the movement of the liquid in the
middle of the pipe with a layer (h),
which is variable in length. Similarly,
the law of change of depth h(x) is
determined, in  particular, by
regularities of the water inflow.

Consider the equation defining
the internal flow.

The liquid inside the pipe moves
. with a change in flow rate along its
pipe length, namely at the beginning of the
flow (x = 0), flow rate Q = 0, and at
the end (x = L) — Q = Q. Thus, movement with a variable flow rate in a prismatic channel is
considered. To describe such a movement, the equation obtained by G. L. Petrov (1) was chosen,
since it was obtained using a minimum of assumptions, and the results were verified
experimentally.

If, for the sake of simplification, the losses of frictional pressure along the length are
neglected, then the equation of motion in complete differentials is written in the following way:

2
ﬁd[Q—j+ odh = wi,dx. @)
g o

Q, w is the flow rate and cross-sectional area of the flow at a distance x from its beginning;

h is the depth of the flow; iy is the slope of the pipe; a is the Coriolis coefficient; g is the
acceleration of free fall.

The boundary conditions of equation (2) are the following:

Fig. 1. Scheme of collecting water using a porous

x=0, Q=0, h=h, . 3)
X:L1 Q:le h:hk
In the integral form the equation (2) looks the following way:
Q" (wdh +C =i, [odr (4)
gw 0

C — is the constant of the integration.

To integrate (4), it is necessary to have the dependence of the flow cross-sectional area on its
depth h. To integrate (4), it is necessary to have the dependence of the flow cross-sectional area on
its depth h. The volume of liquid in the pipe from the initial cross-section to the cross-section X is
determined by the integral on the right-hand side of (4). This volume can be roughly calculated
from the average cross-section of the stream, i.e.:

Tcodx =®,x. (5)

The dependence w(#) is also needed to calculate w,,,.
As the analysis and performed calculations showed, the dependence w(#) can be represented
with sufficient accuracy by a power function:
o(h)=Bh", (6)
B and « are empirical coefficients calculated by the method of least squares;

w=w/R*, h=h/R_ is the dimensionless area of the stream and its depth.

Satisfactory approximation of formula (6) is achieved by using two curves: at 2<R — 1=1.68,
k1 = 1.47 (the maximum deviation of calculated data from formula (6) does not exceed 4 = 3.9%,
and the relative root mean square deviation — ¢ = 0.026).
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Substituting (6) into (4), we have the following result after the integration:
th + A" ) (7)

2
9O, P e i, x
go k+1 2

To determine C we use the first boundary condition from (3): x=0, Q=0, h=h;. Then

=P pe, ®
Kx+1
where:
2 h+h"
g + B (hx+l _hlx+l) :iOB 1 + x* (9)
go K+l 2

Let's include the coefficient x,=hs/h,, which determines the ratio of the depths of the stream at
the beginning and at the end. Then, using the second boundary condition from (3) —
.XZL, Q:QK, h:hk, we 0bta|n

@O 1 q_wey=blg ey (10)
goh, xk+1 2h, ’

In equation (10), the coefficient xy is a function of two dimensionless parameters. The first of
them determines the ratio of the doubled velocity pressure at the end of the stream to its depth:

A = aQ = _alb” (12)
goh,  gh,
and the second parameter determines the flow geometry:
4,=5t. (12)
2h,
Then equation (10) can be represented as follows:
A+ ! A-x"y=A,(1+x") (13)
k+1
or in a form convenient for iterative calculations:
1
K, = {1 = [4,0+x)— 4 )1 +K) . (14)
When h>R k=1, the equation for xy is simplified:
K, =+(4, —1) +24, — 4,. (15)

By determining the Kj, coefficient, you can find the average flow depth in the pipe. Thus, an
approximate method of calculating for porous pipes was obtained, which allows to determine the depth
of the flow in the middle cross-section and to calculate the inflow along this cross-section. For this, it is
not necessary to know the law of change of depth inside the pipe, but only the parameters of the flow at
its end (parameter A;) and the geometry of the channel (A;). Then, by determining the ratio of the
depths of the stream at the beginning and at the end, you can find the depth of the stream in the middle
section.

In the case of free flow of water from the end section of the pipe, a depth equal to the critical
depth is set in it [16]. This depth, which corresponds to the minimum specific flow energy for round
pipes is calculated by the following formula [17]:

hK”:O,844( \/a 2 j ! (16)
R g R”

valid upon fulfillment of the following conditions:

0,0023 < \/g RQ25 <453. (17)
q R

Research results. To simplify the following calculations the Fig. 2 shows the h (Q,R)
dependence graph. The Fig. 3 is a graph for calculating the 4; parameter. The Fig. 4 shows the
nomograms for calculating the ratio of flow depths in the pipe at the beginning and at the end of xy,
for the cases A<R and h>R .
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Fig. 2. Graph for determining the critical flow depth
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The order of calculations using Fig. 2 — 4 is the following:

1. According to the specified radius of the pipe and the calculated flow rate according to Fig. 2,
one can determine the critical depth at the end of the pipe h,,, and according to Fig. 3 parameter 4;
can be determined.

2. A, is calculated by formula (12), then using the nomogram in Fig. 4 xy is determined, after
that the average depth of the flow is found.

The validation of the model was carried out on an experimental setup which includes a porous
polymer concrete pipe with an outer diameter of 150 mm, a length of 1000 mm, a wall thickness of
20 mm, which was installed in a tank with a height of 2 m and a diameter of 1.2 m.

On one side, the porous pipe was connected by means of a flange with a 120 mm diameter
outlet pipe, and on the other end, it was closed with a blank plug.

5 piezometers were installed in the pipe with a step of 200 mm to measure the depth of the
flow along its length. Water was supplied to the installation using a pump.

Analysis of the graph (Fig. 5) shows a good correspondence between the experimental data
and the results of the calculation performed according to the approximate method. That is, the
deviation of the flow depth in the average cross-section obtained experimentally from the calculated
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data does not exceed 1.5%. This allows us to conclude that the developed approximate method of
calculating porous pipes is reliable.

20
18 +——F———F+—— — —
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Fig. 5. Change in the flow depth in the pipe:
¢ —experimental data; o — — calculation results;
---- — average flow depth obtained from
experimental data

Conclusions:

1. It is shown that to describe the operation of a porous collection pipe, it is necessary to use
the equations of fluid movement in the pipe and fluid movement through the pipe walls at the same
time, since these equations are interconnected.

2. To describe the movement of liquid in the pipe, the G. A. Petrov equation was used, the
conclusion of which was made with a minimum number of assumptions, and which was verified
experimentally. It is shown that when collecting water through a porous pipe, the projection of the
speed of the connecting flow onto the direction of the main flow can be accepted 6=0. In this case,
the equation of motion is simplified, however, in this case, it will not be possible to integrate it.
Therefore, in order to obtain the engineering method of calculations, it was necessary to neglect
frictional pressure losses along the length of the flow for pressureless movement of water in the
pipe.

3. To integrate the obtained equation (2), the dependence of the flow area in the pipe on the
depth was approximated by the static formula (6), the coefficients of which were determined by the
method of least squares. In addition, the ratio of depths at the beginning and at the end of the flow is
introduced. The iterative formula (13) was obtained to calculate the ratio.

4. The procedure for calculating flow depths in the pipe has been developed. This makes it
possible to determine the depth at the beginning and middle of the pipe with a known depth at the
end (assumed equal critical depth).

5. The task of further research is to check the method of calculation of porous pipes in
production conditions.
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AnoTtaunisg. OnHi€I0 3 OCHOBHHUX CHOPY/, IO 3aCTOCOBYIOTBHCS JJISi OTPUMAaHHS BOJIU MHUTHOL
SKOCT1 y CX€Max rocnoJapchbKO-MUTHOIO BOAONOCTauYaHHs HACEJIEHUX MYHKTIB, € (PUIbTPH, T'OJIOBHI
KOHCTPYKTUBHI €IIEMEHTH SIKHX BKJIIOYAIOTh JIPEHAKHO-PO3MOAUIBHI Ta BigBiAHI cuctemu. Jlis
MiABUIICHHS €(QEKTUBHOCTI Ta HAAIMHOCTI (GiIbTpU OONATHYIOTHCS MOPUCTHMH TpPyOYaCTHUMH
CHCTEMaMH ISl PO3MOALTY Ta 30MpaHHs BOAM. Y 3B'S3KY 3 IMM OTPUMAaHHS JOCTOBIPHHX METOUK
X po3paxyHKy IPEICTaBIIs€ HAYKOBUN Ta MPAKTUYHUN 1HTEpecC.

VY cTarTi 3a3Hava€ThCs, MO BOJA y PO3MOAUIFYHMX Ta 30ipHUX TPYOONPOBOJAX PyXa€eThCs 3i
3MIHHOIO MO HUISIXY BUTpaToro. [Ipuuomy mpurniauB abo BIATIK BOAW 3al€KUTh BiJl 3MIHHOTO MO
JOBXHHI TPyOH THCKY, 1 SKIIO pyX Oe3HamipHUIA — BiJl 3SMIHHOTO PiBHSI BOAHM, a JUIS MIOPUCTHX TPYO
et pyx 6e3nepepBHUMA.

3amada pyxy piAMHU 31 3MIHHOIO 110 HUISXY BUTPATOI0 BUBYAiacs OararbMa aBTOpPaMH, MPOTE
3aNeKHOCTI SIKI TpU IboMYy Oyld OTpUMaHi B OCHOBHOMY CTOCYBajHcs mephopoBaHUX
TPYOOIIPOBOIIB 1 BIIKPUTHX JOTKIB.

ABTOpaMH pPO3IIIAJAETECA POOOTa MOPUCTOI TPyOM 3a yMOBaMM O€3HAMIpPHOTO PyXY, LIO
OMHCYETHCSA JIBOMAa PIBHSHHSIMHM — PyXy PIAMHM BCEpEIUHI TPYOM 1 pyXy PIIMHU 4Yepe3 CTIHKU
TpyOu. 3a3HayaeTbcs CKIAAHICTh IMi€i 3agavi, ska OOyMOBIIEHAa THUM, IO 1€ pPIBHIHHSI
B3aeMonoB'si3aHl. ToOTO BUTpaTa piJIMHU Yepe3 CTIHKU TPyOU 3aJIeKUTh BiJl IIMOWHU 1Iapy BOJH B
TpyOl, SIKa BU3HAUAETHCS PIBHAHHSAM pPyXy BCEpEMHI TPyOU. AHAIOTIYHO 3aKOH 3MIHM TJIMOWHU
BU3HAYAETHCS, 30KpEMa, 3aKOHOMIPHOCTSMH TPUILIUBY.

JlocnipKyroud HEpiBHOMIPHICTh PO3MOJUTY Ta 300py BOAM HMOPHCTOK TPYOOI OTPUMAHO
MaTeMaTUyHy MOJIe]b, Ha IMIJCTaBl SIKOi PO3po0JIEeHO HAOIMKEHY METOJMKY po3paxyHky. lle
JI03BOJISIE€ TI0 KPUTHYHIN TNIHMOWHI BOAM, SIKA BCTAHOBIIOETHCSA B KiHIII TPYOH, OTpUMATH 3HAYCHHS
CEpeIHbOI TTMOMHU MOTOKY B TpyOi. JlJis cpoIeHHs po3paxyHKIB B CTaTTI HaBEACHI BIAMOBIIHI
HOMOTPaMH.

[lepeBipka TOCTOBIPHOCTI MOJEJI MPOBOAWIIACS HA €KCIIEPUMEHTANbHINA yCTaHOBI. AHami3
OTpUMaHUX JOCIIJHMX JaHUX TOKa3aB J0Opy BIAMOBIAHICTE IX pe3yabTaTaM pO3paxyHKY,
BHUKOHAHUX 32 HAOJIMKEHOIO METOJMKOIO — BIIXUJICHHS TVIMOWHU IMOTOKY B CEPEIHHLOMY Mepepisi He
nepesuiye 1,5%.

Kuarouosi cioBa: nopucra Tpyba, Oe3HamipHuil pyx, (iabTpu, 30upaHHs (BIATIK) BOAH,
TiIpaBIiYHUN PO3PAXYHOK.

Cratta Haaiiinuia 1o pepakuii 12.07.2023
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Abstract. In modern construction, one of the main indicators of the quality of housing for users
of multi-storey buildings is still noise. The task of preventing the noise that occurs in the house itself
needs to be given more attention when designing and soundproofing. It is known that extraneous
sounds penetrating into a living space cause a negative impact not only on the psychological state of a
person, but also on the physical one. In this regard, each user of the premises wants to receive
comfortable conditions for staying in them. To achieve this condition, it is necessary to develop
effective structural and technological schemes for soundproofing the floor from impact noise, as well
as their verification and evaluation using the theory of planning experiments.

This article is devoted to solving an important issue of sound insulation of floors in
monolithic reinforced concrete multi-storey residential buildings, namely from impact noise. The
article considers the structural and technological schemes of sound insulation of the floor of fifteen
types, using different materials and their combinations to achieve regulatory requirements for sound
insulation from impact noise.

It was determined that the thickness of the layer of materials and the density have a significant
effect on the insulation performance against shock noise. The work investigated floor constructions
based on layers of changing materials. Specifically, such parameters as the thickness (50+10 mm) and
density (300£50 kg/m®) of polystyrene concrete "Izolkap" and the thickness of the semi-dry screed
(50+10 mm).

When choosing the most rational design and technological scheme used the results of
planning theory, as well as indicators of reduced impact noise, obtained as a result of field tests, it
allowed to choose the most rational and effective version of "floating” floor — based on materials
"Akuflex™" and "lzolkap™ (polystyrene concrete) — scheme Nell, the index of the reduced level of
impact noise is Lnw = 52 dB.

The arrangement of the structural and technological scheme of floor sound insulation Nell
allows to reduce the level of initial impact noise in the room by 37.5%.

Keywords: sound insulation, impact noise, "floating" floor, multilayer system.

Introduction. In modern construction, one of the main indicators of the quality of housing for
users of multi-storey buildings is still noise. Noises can be heard both from the street — technogenic
and biogenic (noise from transport, stadium, open entertainment clubs), and from housemates.
Massive or multi-layer building envelopes and efficient window systems help to prevent outside
noise. In turn, the tasks of preventing noise that occurs in the house itself must be given more
attention when designing and soundproofing. Since it is known that extraneous sounds penetrating
into a living space cause a negative impact not only on the psychological state of a person, but also
on the physical one, therefore, in this regard, each user of the premises wants to receive comfortable
conditions for staying in them. To create such conditions, it is necessary to develop effective design
and technological schemes for soundproofing the floor, as well as their verification and evaluation.
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Recent research researches and publications results. There are two main types of noise in
the construction industry: airborne and structural. It should be noted that noise is understood as a
chaotic mixing of sounds. Airborne noise is transmitted through air, while structural noise is
transmitted through a solid body. One of the types of structural noise is shock [1]. So, in most of the
series of houses that were built in the last century, central heating was arranged. In such systems,
metal pipes were used to supply the coolant to the heating radiators. At the same time, strikes on the
central heating radiator, for example, during repairs on the ground floor of the house, are most
likely to be heard by residents, even at a considerable distance from the source.

An analysis of sources showed that during the construction of frame-monolithic buildings, for
the most part, sound insulation by the developer is not provided for housing, especially economy or
comfort class [2-4]. But, at the same time, it largely depends on the materials that were chosen for the
construction of buildings. Thus, internal inter-apartment walls, which in the vast majority of buildings
are made of aerated concrete, have a lower rate of sound insulation from airborne noise than walls
made of ceramic bricks. At the same time, walls with ceramic walls have similar indicators in terms of
airborne noise insulation, which, due to the structural features of buildings, are made of monolithic
reinforced concrete. However, this significantly increases the impact noise penetration rate.

In turn, for developers who position themselves as builders of luxury real estate, the use of
high-quality and effective sound insulation in buildings is required. At the same time, the issue of
additional soundproofing of premises from the developer comes to the fore. In this case, the fact
that at the stage of building construction, the complex sound insulation of floors, walls,
communications, reduces the level of penetration of various types of noise is not ruled out.

In many new residential complexes and old buildings, residents have to independently carry
out construction work that is aimed at getting rid of noise [5-7]. At the same time, they, first of all,
need to decide which type of noise they need to deal with. Because for different types of noise and
insulated structures there are their own design and technological solutions. In most cases, only
complex insulation of ceilings and walls will help to solve issues related to sound insulation and
achieve comfortable conditions in the premises.

It is known that the level of insulation of airborne noise of an interfloor ceiling or load-bearing
walls is determined, first of all, by the massiveness and thickness of the structure. However, this
solution is not always economically feasible. In the case of insulation from impact noise, in most cases
it is necessary to apply special technological solutions using additional structures. Thus, for isolation
from the types of noise discussed above, it is necessary to apply unique design and technological
solutions.

One of the structures through which structural noise is transmitted are floor slabs, monolithic
or prefabricated. This is especially true for frame-monolithic or prefabricated buildings, which have
been built in large numbers since the beginning of the 21st century. One of the most effective ways
to deal with this type of noise is, from the point of view of building acoustics, the construction of a
"floating™ floor [7, 8].

This design is a massive screed of fine-grained concrete (often with a semi-dry cement-sand
mixture) or lightweight concrete, which are laid on the interfloor overlap over a layer of material
with elastic properties. At the same time, the "floating" floor screed should not have rigid
connections with both the load-bearing and enclosing structures of the building [9]. To do this, it is
separated from the side surfaces of walls, diaphragms and partitions with elastic gaskets (damper
tape). As the material of the insulating layer, in most cases, slabs of acoustic mineral wool on a
basalt or fiberglass base are used. It is also possible to use various types of foamed polymeric or
fibrous roll materials.

The sound insulation index of a floating floor depends on the thickness and structure of the
screed material and the elastic properties of the gasket material. In some cases, the use of various
types of soundproofing materials can achieve a reduction in impact noise by more than 40 dB.
Therefore, the search for optimal design and technological solutions and materials that are aimed at
obtaining structures that provide standard sound insulation indicators becomes an urgent task.
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Materials and methods of study. In the structures under study, the thickness of the
monolithic reinforced concrete floor slab was 180 mm. In turn, for isolation from impact and
structure-borne noise, a simple thickening of the structure is not effective. Therefore, it is necessary
to use specially developed and more effective design and technological solutions for floor
soundproofing.

The studies were carried out in natural conditions, in apartments of houses built according to a
frame-monolithic scheme. Two apartments are allocated for each type of floor soundproofing
construction. This is necessary for the reliability of the results obtained and the elimination of the
error factor in the performance of works [10]. The following materials were used in the research:

— "lzolkap" — polystyrene concrete, which is a light mixture for the installation of heat and
sound insulating screed, which consists of Portland cement and filler treated with a special additive.
As a filler, inert expanded polystyrene granules (@ 6-8 mm) are used, with high thermal insulation
ability. The material belongs to the class of lightweight concrete.

— "Akuflex" is a rolled material based on specially processed polyester fibers, developed in
accordance with modern requirements for room acoustics and working to absorb impact noise. The
material is used as a soundproofing base in the construction of "floating™ floors. It is a layer
between the screed and the floor finish. In addition, "Akuflex" can be used as a damping layer
under the screed for additional insulation against impact noise.

Experimental planning theory was used to conduct experimental studies. In accordance with
this theory, a 15-point plan of experimental studies was used. In it, each of the factors changes at
three different levels [11]. They are conditionally designated -1, 0 and +1.

The following factors and levels of their variation were adopted in the work, Table 1:

— thickness of the layer "lzolkap” (X1) — (50 = 10) mm;

— thickness of the c/p screed (X;) — (50 = 10) mm;

— density of "Izolkap" (X3) — (300 + 50) kg/m°.

Table 1 — Factors and levels of their variation

Factors
Levels of X1 X5 X3
variation Thickness of the layer Thickness of the layer Density of "lzolkap",
"Izolkap", mm c/s screed, mm kg/m?
-1 40 40 250
0 50 50 300
+1 60 60 350

Factors of the thickness of the material "lzolkap™ (polystyrene concrete) and the thickness of
the c/p screed can affect the impact and airborne sound insulation, and also affect the complexity
and time of work.

The density factor of the "lzolkap"” material directly affects the impact noise index, since the
greater the density, the more cement in the material, which increases the impact noise index, and
this also affects the complexity of laying the material and the time of work.

The studies were carried out using a 15-point three-factor experiment plan, which is shown in
Table 2.
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Table 2 — Experiment plan

Scr]:g_) me X1 X2 X3 "Izolkap"”, mm |C/s screed, mm Dens1t%%(3)lkap»,
1 +1 -1 -1 60 40 250
2 +1 -1 +1 60 40 350
3 +1 0 0 60 50 300
4 +1 +1 -1 60 60 250
5 +1 +1 +1 60 60 350
6 -1 -1 0 40 40 300
7 -1 0 -1 40 50 250
8 -1 0 0 40 50 300
9 -1 0 +1 40 50 350
10 -1 +1 0 40 60 300
11 0 0 0 50 50 300
12 0 -1 +1 50 40 350
13 0 -1 -1 50 40 250
14 0 +1 -1 50 60 250
15 0 +1 +1 50 60 350

Research results. Work performance technology. Organizational and technological processes
of the device of constructive and technological schemes of the floor.

1. Preparatory work. Leveling the floor slab (filling depressions and caverns, beating off large
influxes of concrete), as well as grouting the fixings of the facade slab to the floor slab with mortar
and grouting geodesic holes in the floor slab.

Installation of a damper tape around the perimeter of the premises Fig. 1, and cleaning the
surface from debris, as well as dedusting the surface.

Fig. 1. Installation the damper tape

2. The installation of the material "lzolkap". Preparatory work (kneading and supply of
material, lifting tools, equipment to the floor). The material device process is shown in Fig. 2.
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Fig. 2. The installation of "Iolp"

3. The device of the material "Akuflex".

3.1. Preparatory work for the device material "Akuflex":

A) Partial sealing of the surface of the coating in places of formation of cavities and junctions
of heating pipes with "Izolkap" material, cleaning of sags on a previously made surface.

B) Cleaning the damper tape from contamination with "lzolkap" material.

3.2. Laying material "Akuflex". It is produced by gluing rolls of material to each other with
reinforced tape, with an overlap of 5-10 cm, as well as gluing the roll to a damper tape. The process
of laying the "Akuflex" material is shown in Fig. 3.

Fig. 3. Laying material "Akuflex"

4. Installation of a cement-sand screed Fig. 4.

Fig. 4. Installation of a cement-sand screed
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Measurements of sound insulation of reduced impact noise consist of the following stages:
preparation for testing premises; measurement of the level of impact noise under the ceiling when
creating shock effects on it; processing of measurement results.

Research equipment. For acoustic studies, the following set of measuring equipment was used:

» Acoustic multifunctional counter "Octava-ECOPHYSICS";

* Standard percussion machine "UM-10";

* Microphone dBX;

* Software package for measurement of reverberation time based on PC;

* Preamp P200;

* Acoustic system dB Technologies OPERA 605D.

Measurement of impact noise insulation was carried out according to the methods of DSTU B
V.2.6-86:2009 (Fig. 5), calculation according to DSTU B V.2.6-85:20009.

The results of field tests are shown in Table. 3. Floor structures No. 1, 2, 4, 7, 11, 14 — comply
with regulatory requirements, floor structures No. 2, 3, 5, 6, 8, 9, 10, 12, 13, 15 — do not comply
with regulatory requirements.

Table 3 — The results of field tests
NoNe Plan line number

p/p 1] 231456789 10[1112]13[14]15
L'nw,dB |54 |57 |56 |52|56|55|53|56|56|57]|52|57]|56]52]57

Fig. 5. Measurement of impact noise insulation

Prospects for further research. It should be noted that it is necessary to study the cost of
arranging such floors. This will make it possible to optimize these works not only in terms of
structural features, but also in terms of the economic component.

Conclusions:

1. The results of full-scale studies of structures for impact noise using the theory of planning
experiments made it possible to choose the most rational option for sound insulation.

2. It has been established that the arrangement of the structural-technological scheme for
soundproofing floor no. 11 makes it possible to reduce the level of the initial (uncoated reinforced
concrete slab) impact noise in the room by 37.5%.

3. Floor structures with thicknesses of "lzolkap™ materials (with a density of 250 and 300
kg/m®) and a c/s screed of 40 mm are not sufficient and will not satisfy the strength indicators,
which in the future may lead to rapid wear and destruction of the structure.

4. Floor structures with thicknesses of "1zolkap" materials (with a density of 300 and 350 kg/m®)
and a 50 mm cf/s screed are sufficient and meet the necessary sound insulation and strength
requirements.
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5. Floor structures with thicknesses of "lzolkap™ materials (with a density of 300 and 350

kg/m®) and a cement/sand screed of 60 mm are sufficient and meet the necessary requirements for

sound insulation and strength, but are more difficult to manufacture and are not economically
viable.
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6. The work requires further research, thanks to which the optimal insulation parameters will

be determined, taking into account the cost of installing such floors.
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AHoTamif. Y cydacHoMy OyIIBHUITBI OJHMM 3 OCHOBHHX IOKAa3HHKIB SIKOCTI >KHATJIA ISt
KOPHCTYBadiB  IPHUMIIIEHb, 0araTronoBepXOBUX OyIWHKIB  3aJMINAETHCS  IIYM. 3aBIaHHAM
MEPEIIKO/DKAHHS IIyMy, 110 BUHHKA€E B caMOMy OyIMHKY, HEOOXiIHO NPUIUIMTH OUIbIIY yBary mpu
MPOCKTYBaHHI Ta BJIAINTYBaHHI 3BYKOI130isMii. BiomMo, 10 CTOpOHHI 3BYKH, IO MPOHUKAIOTH Y
KHUTIIOBE TPHUMIIICHHS, CTalOTh MPUYMHOI0 HEraTHMBHOTO BIUIMBY HE JIMIIE HA TICUXOJIOTIYHUN CTaH
JTOAMHM, a ¥ Ha (i3uyHuA. Y 3B'I3Ky 3 UM KOXEH KOPUCTyBad IPHMIIIEHb XO4Y€ OTPUMATH
KoM(OpPTHI yMOBH TiepeOyBaHHS B HUX. /)11 JOCSTHEHHS 11i€1 yMOBH HEOOXITHO pO3poOUTH eEKTHBHI
KOHCTPYKTUBHI Ta TEXHOJIOTIYHI CXEMH 3BYKOI3OJSAIIi MiJIOTH BiJ YAApHOTO IIyMy, a TaKOX iX
MIEPEBIPKH Ta OLIHKHU 3 BUKOPUCTAHHIM TEOpil IUTaHYBaHHS €KCIIEPUMEHTIB.

JlaHa CTarTsl NPUCBSYEHA BUPILICHHIO BAXJIMBOIO IUTAHHS 3BYKOI30JALII MEPEKPUTTIB
MOHOJTITHHX 3aJTi300€TOHHUX 0araTornoBEepPXOBHX KUTIOBUX OYJMHKIB, a caMe BiJ yIapHOTO mymMy. Y
CTaTTl PO3TISHYTO KOHCTPYKTUBHO-TEXHOJIOTTYHI CXEMH 3BYKO130JIALIT MiAJIOTH 11’ ATHAISTH TUIIB 13
3aCTOCYBaHHSM PI3HHX MaTepialliB Ta 1X KOMOIHAIM It JOCATHEHHS HOPMATHBHUX BHMOT JIO
3BYKOI130JIS1I1{ Bif] YIAPHOTO LIyMYy.

BusnayeHo, mo Ha TOKa3HWKM 130JIALIi BiJ] YAapHOTO IIyMY JOCHTH BaroMoO BILJIHBA€E
TOBIIMHA IIapy MaTepialliB Ta MIIIbHICT. B po0OTI mocmipkyBanucs KOHCTPYKILIT MiJJIOTH Ha
OCHOBI IIapiB MaTepialiB, MO 3MIHIOBAIKCA. A camMe Taki MOKa3HHUKH sK ToBmuHA (50+10 Mm) Ta
mripHICTB (300+£50 KF/M3) nonictuposnberony «lzolkapy ta TosimHa HamiBcyxoi CTHKKH (5010 Mm).

I[Ipu  BuOOpi  HaMOLIBII  pallOHAJbHOI  KOHCTPYKTUBHO-TEXHOJIOTIYHOI  CXE€MHU
BUKOPHUCTOBYBAJIUCS PE3YJbTATH TEOpii MIaHyBaHHs, a TAaKOXX IMOKA3HUKH 3HM)KEHOTO YIapHOTO
IIyMy, OTpHUMaHi B pe3ylnbTaTl HATYpHUX BHUIpPOOyBaHb, 110 JO3BOJIUIO BUOpATH HANHOUIbII
panioHaJbHUM 1 ePeKTUBHUNA BapiaHT «IJIaBar4oi» MiJJIOTH — Ha OCHOBI MaTepianiB «AKydiekcy
Ta «[30mkan» (momictuponbeTon) — cxema Nell, moka3HMK NMPUBENEHOrO PIBHS YJApHOTO IIyMY
Lnw = 52 nb, mo #a 9,1% MeH111€ 32 HOPMaTUBHUI.

BrnamryBaHHS KOHCTPYKTUBHO-TEXHOJIOTIUHOI cXeMH 3BykKoizouswii miajmorua Nell no3Bomsie
3HU3WUTH PIBEHb IOYATKOBOTO (3a11300€TOHHA IIUTa 0€3 MOKPUTTS) YAapHOIo IIyMY B IPUMIIIEHH]
Ha 37,5%.

Ki1rouoBi ciioBa: 3ByK0130J1s1111s1, yIApHUH IIYM, «TUIaBar0yay IiJyIora, 0araTomapoBa CUCTEMa.

Cratta naaidinua o penakuii 30.07.2023
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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.

Modern construction and architecture, 2023, no. 5, page 134-136

135



@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 5
Bepecenn 2023

I"onoBHMit penakTop Buposoii B.M.

Texniununii pegaktop Awmonrok H.P.

[Tianucano go apyky 15.09.2023 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





