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Introduction

The experience of using concrete and reinforced
concrete products in all branches of construction
confirms that the main condition for the efficiency of
its work and reliability is not only the quality indicators
of the material, but the features of work in structures
and buildings. The main component of any concrete is
a binder, the characteristics of which determine its
properties, by the type of which concretes are
distinguished: cement, silicate, gypsum, slag-alkali,
polymer concrete, polymer-cement concrete. [1], [3].

Concrete is subject to a number of requirements,
which are often impossible to fulfill without the use of
so-called modifiers and plasticizers, i.e. chemical
additives that allow adding properties to the concrete
mixture that meet the requirements of both designers
and contractors. It is obvious that the use of concrete
modifiers is beneficial both technologically and
economically. The use of additives allows you to
reduce energy costs for laying concrete, reduce cement
consumption, maintain the necessary mobility of the
mixture, ensure the necessary durability of structures,
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and achieve excellent indicators of early and final
strength of concrete [2], [23].

In the practice of manufacturing concrete and
reinforced concrete products, heat-moist treatment has
proven itself well to accelerate their hardening.
However, this method is associated with significant
energy consumption for obtaining steam. The modern
energy crisis requires a radical revision of the
production technology of the specified products, the
search for energy-saving ways of accelerating their
hardening [9].

The following methods of increasing the rate of
hardening and increasing the strength of concrete are
known [2, 17, 30]:

— use of chemical additives-hardening accelerators;

— introduction of crystallization seeds and

intensification of nucleation processes due to
reduction of activation energy;

— regulation of the pH environment of the hardening

system,

— repeated vibration after the first stage of structure

formation;

— provision of internal energy reserves and heat

storage of exothermic processes.

The use of additives is the most effective way to
improve the quality of concrete and does not require
large capital expenditures. The competent use of
targeted complex additives allows you to solve
problems associated with obtaining concrete with
specified properties [8], [11], [25].

As a rule, additives are two- or multi-component.
Thanks to certain combinations of additives, concrete
plants are able to obtain high-strength concrete with the
required properties. After all, the same additives,
depending on their quantity and the mineralogical
composition of the cement, act differently. The
hardening process of cement can be increased by
introducing a small amount of mineral additives -
highly  dispersed  substances, the so-called
crystallization centers. [4], [10].

Chlorides, nitrates, nitrites, soluble sulfates and
carbonates are widely used, have a positive effect, but
their effect depends on the concentration, mineral
composition of the cement, and the hardening period of
the cement. The most famous is calcium chloride. It
helps increase strength at all stages of hardening, but
chloride ions are aggressive towards reinforced
concrete reinforcement. [5, 13]. Nitrates are inhibitors
of reinforcement corrosion, but they reduce the rate of
hydration of dicalcium silicate [6, 29].

To increase the rate of cement hardening, it is
necessary to increase the solubility of clinker minerals
in silica and lime, and a complex additive of sulfates
and chlorides provides this solubility.

The introduction of a complex of salts of calcium
chloride and sodium nitrite allows eliminating
reinforcement corrosion and increasing the effect of
increasing strength achieved by the introduction of
calcium chloride. Therefore, it may be advisable to use
a complex additive of calcium chloride, sodium sulfate
and sodium nitrite [22].

Setting objectives. The listed methods are usually
used separately from each other. In the technical
literature there is little information on the effect of
several methods of increasing the rate of hardening of
cement and concrete at once, except for the use of
complex additives, therefore the purpose of the work is
to develop a complex method of influencing the
hardening processes of Portland cement, which
combines the effect of chemical additives, centers of
crystallization and repeated vibration after the first
stage of structure formation.

Characteristics of input materials

The following materials were used for the
experiments:

1. Portland cement brand PC 1-500-N, with a
compressive strength of 58 MPa at the age of 28 days,
hardening time beginning 2 h end 8 h, specific surface
area, 2500 cm2/g

2. Tap water was used for the samples.

3. For the manufacture of chemical additives were
used: calcium chloride CaCI2, sodium nitrate (pure for
analysis) - NaNO2, sodium sulfate crystallization
(sodium sulfate) - Na2SO4, concentrated perchloric
acid HCI with a density of 1.19 g/cm3, ferric chloride
FeCl3, potassium carbonate K,COs [20], [28].

Methods

The work is divided into several stages:

I - selection of the type and optimal amount of
chemical additives-hardening accelerators;

II — development of a method of preparation of highly

dispersed mineral substances - centers of
crystallization;

III — development of technological modes of
manufacturing and hardening of concrete
products.

At the first stage, well-known chemical additives
were used: calcium chloride (CaCl,), iron chloride
(FeCls), sodium nitrite (NaNQy), potassium carbonate

(K2CO:3), sodium sulfate (Na,S0s), C-3
superplasticizer, specially prepared and processed
hydrated cement (SRN).

Single, double and those containing three or four
chemical substances were studied. All samples in the
form of cubes measuring 3x3x3 cm were formed from
pure cement dough with a normal water demand of
25.4%. Portland cement of the PC 42.5 brand of
Eurocement-Ukraine was used.

About 120 experiments were performed, the results
of which were processed using the computer system,
[18], [19].

Result and discussions

Table 1 shows the terms of hardening and strength
characteristics of cements containing the most
promising combinations of additives, after processing
by a computer program.

It is possible to describe the following observations
of single additives, which were introduced for 1.5% of
the cement mass.

Calcium chloride, according to the literature,
increases the solubility of clinker minerals, so there is

6 ISSN: 2518-1106(online)
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an increase in strength at all times of hardening. At the
same time, it is an accelerator of the setting process.

Iron chloride helps to obtain higher strength at 7-day
age, but in the initial period, it does not give the effect
of acceleration of hardening. It requires 9-11% more
mixing water than cement without additives. Not
compatible with sodium nitrite, so it was excluded from
further studies [14], [16].

Sodium nitrite plays the role of an accelerator to some
extent during the first and second days, without
particularly shortening the period of setting, but further
inhibition of the rate of hydration is found.

Potassium carbonate causes very rapid structure
formation in the first period, hardening times are
sharply reduced, but there is no effect on the
acceleration of cement hardening.

Sodium sulfate, according to the literature, has no
equal in terms of increasing the strength of cement
immediately after steaming. Sulfates increase the
solubility of Portland cement clinker minerals in silica,
better conditions are created for the hydration of
minerals, but under normal conditions, the accelerating
effect of hardening is not detected.

Superplasticizer C-3 is widely used in concrete
technology, especially in monolithic construction. Its
use helps to increase the mobility of the concrete
mixture without reducing the amount of water, or
reducing the water-cement ratio, which helps to
increase the strength of concrete.

It is interesting to note the role of the mineral additive
- the center of crystallization (CPH). Without any other
chemical additives, the strength of Portland cement
increased during the first day by 1.3 times, during two
days by 1.8 times, and after 7 days - by 1.09 times. The
effect of CPH on the rate of cement hardening in the
initial stages can be compared with the effect of CaCl,
in the amount of 1.5%. As noted earlier, CPH is pre-
hydrated Portland cement using a special technology.
In it, hydro silicates are in a gel-like state, but more
crystallized compared to a cement block of ordinary
concrete. These particles of hydro silicates form a
spatial structure in "compressed conditions" and can be
centers of crystallization.

In the theory of structure formation and hardening of
binder systems, the presence of an induction period is
noted, when the rate of hydration decreases by 15 times.
Some researchers associate the end of the induction
period with the crystallization of Ca(OH); [5]. Calcium
hydroxide in crystallized form is definitely present in
the highly dispersed mineral additive of hydrated
cement, which obviously affects the shortening of the
induction period.

Complex additives for concrete are distinguished by
the multifunctionality of their action. They affect
simultaneously several characteristics of concrete. The
use of complex additives enhances the effect achieved
when a single-component additive is introduced
(increase in strength), or eliminates a negative side
effect (corrosion of fittings, shrinkage, etc.) [15].

In our studies, the concentration of chemicals in
complex supplements was maintained at 1% each.

Hydrated Portland cement contained 31.2% Ca(OH).,
which was determined by titration with hydrochloric
acid. Such a large amount of calcium hydroxide is
artificially introduced into the experimental cement
before the start of hydration, so it will definitely affect
the kinetics of the structure formation process. To
reduce the amount of introduced Ca(OH),, a
hydrochloric acid solution was added to the aqueous
seed suspension at the rate of neutralization of 30, 60
and 90% calcium hydroxide, thereby increasing the
content of CaCl2 in the system, which was formed
during neutralization [27].

When combining single additives into complex ones,
the following is sharply distinguished: CaCI2 +
NaNOy; CaCl, + CPH; NaNO; + Na>SOs, which give a
significant increase in strength during all test periods;
NaNO; + CPH; Na;SO4 + CPH without any special
effect in the first day increase the strength of

At 7 days of age, and this, of course, is due to the
presence of CPH [15].

Potassium carbonate in any combination, and even
together with C-3 superplasticizer, dramatically
shortens hardening times (up to 15-25 min), which
makes its practical use impossible [21], [26].

Among the triple complex supplements, the
following deserve attention:

CaCl, + NaNO; + C-3; CaCl, + NaNO, + CPH; CaCl,
+ NaxSO4+ CPH; CaCl, + NaNO; + C-3 + CPH. These
additives already in the first day increase the strength
of cement stone by 1.5 times while maintaining a higher
rate of hardening during other terms. The research
results show that in almost all cases with the best
strength indicators, complex additives contain calcium
chloride, which is recognized worldwide as an effective
accelerator of cement and concrete hardening.

Unfortunately, chloride ions cause intense cor-rosion
of reinforcement, especially when their con-tent is
more than 1%.

There is information in the literature that the negative
effect of calcium chloride on reinforced concrete
reinforcement is almost completely elimi-nated by
sodium nitrite. Moreover, NaNO—2 at 20°C in the
amount of 2% shortens the induction period of
hydration of tricalcium silicate from 7 hours to 20
minutes. The effect of NaNO2 on the kinetics of
hydration of 3Ca0O-SiO2 in the initial stages is simi-lar
to the effect of heat-moist treatment, which accelerates
the hydration of mineral alit only after the formation of
hydro silicate nuclei. The results of our experiments
confirm these judgments in the case of using NaNO2 in
combination with a mineral additive as a crystallization
center.

In order to reduce the negative effect of CaCl2 on
reinforcement, but to use its positive effect on the rate
of cement hydration, a complex composi-tion additive
is proposed: CaCl2 - 0.5%; NaNO2 — 0.5%; Na,SO4 —
0.5%; CPH - 1.5%. In it, each of the chemical
substances enhances the effect of the other, as a result,
Portland cement in the presence of such an additive
shows a stable increase in strength during all periods of
hardening, and in the first day, the increase in strength
is 61% of cement without additives.
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Table 1. - The effect of chemical additives on the hardening time and strength of hardened cement

Hardening terms Compressive strength, MPa, per
Ne Type and combination of additives h/min day
Beginning | End 1 2 7

1 Cement without additives 315 430 33,7 57,8 76,6
2 CaClz 130 215 45,7 69,1 86,6
3 FeCls 12 240 30,5 50,6 100,6
4 NaNO2 230 420 42,4 66,4 62,9
5 K>COs 030 125 19,7 413 60,9
6 NazS04 130 1% 33,7 56,3 74,5
7 C3 53 8!s 34,1 59,6 72,1
8 CPH 200 2%0 43,7 68,1 83,0
9 CPH+C-3 43 440 43,5 534 88,7
10 CaCl2+NaNOz 200 24 51,7 69,0 82,4
11 CaCla+ K2COs 205 43 42,5 72,9 99.3
12 CaCla+ Na2SOs 210 4% 422 58,4 78,4
13 CaCl+ C-3 305 5%0 44,1 61,2 97,1
14 | CaCl+CPH 120 200 44,6 71,7 119,9
15 NaNOz+ K2COs3 o' 0% 19,1 38,5 46,1
16 NaNO+ NaxSO4 3% 425 44,5 74,9 100,9
17 NaNO+ C-3 400 500 28,9 59,1 63,3
18 NaNO>+ CPH 235 34 36,6 73,4 95,2
19 K>COs3+ Na2SO4 0% 010 254 31,1 56,3
20 KoCOs+ C-3 130 200 29,0 39,0 69,7
21 K>COs+ CPH 0% 03 26,5 39,6 62,3
22 Naz2SOs+ C-3 430 7% 37,2 443 57,1
23 NazS04+CPH 30 405 36,2 42,1 91,0
24 | CaCl+ CPH+C-3 300 330 40,0 53,9 80,2
25 CaClo+ NaxSO4+ CPH 140 215 43,0 65,4 71,7
26 | NaNOx+ K2COs+ C-3 125 1% 31,5 59,5 89,4
27 NaNO2+ Na2SO4+ C-3 040 455 26,5 64,3 75,9
28 | NaNOx+ K>COs+ CPH 005 015 349 493 514
29 NaNO2+ Na2SO4++ CPH 415 515 39,0 39,8 79,5
30 K2COs+ C-3+ CPH 10 120 233 48,5 74,3
31 NaxSOs+ C-3+ CPH 55 610 39,8 64,2 75,0
32 CaClz+ NaNOz+ C-3+ CPH 155 245 51,8 61,3 96,3
33 CaClz+ K2COs+ C-3+ CPH 020 040 382 56,6 70,0
34 CaClo+ Na2SO4+ C-3+ CPH 235 420 43,7 62,7 79,0
35 NaNO2+Na>SO4+C-3+CPH 220 440 38,1 49,9 82,9
36 CaClza+ NaNO2+ NazSO4 240 350 38,5 62,3 65,7
37 giﬁlé(% )5+)Jr:1%2534(0,5)+ 2 3% 54,4 680 | 793

II method of preparation of mineral seed - center
of crystallization during hardening of Portland
cement.

The previous part shows the positive role of a highly
dispersed mineral substance - the center of
crystallization in combination with the proposed
complex chemical additive composition: CaCl, - 0.5%;
NaNO; — 0.25%; Na,SO4 - 0.5%. Although this
composition of the additive has a positive effect on

aluminate cement PC 42,5, and no clear effect was
found for composite cement PC II B-Sh-32,5,
obviously the hydrated cement primer is suitable for
cements with a sufficiently high content of calcium
aluminates.

Literary sources testify to the effectiveness of
aluminosilicate ~ crystallization centers, especially
palygorskite [1], or natural alum stone - alunite [6].
Such breeds are very rare in nature.
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Kaolin from the deposit of the Kirovohrad region was
used to artificially obtain the aluminosilicate center of
crystallization. In order to bring its properties closer to
palygorskite or alunite, modifiers (insoluble
magnesium salts and sulfate aqua complexes, iron-
sodium alum) were added to kaolin. The content of
magnesium cations Mg>" corresponded to their content
in palygorskite, and SO4> anions corresponded to their
content in alunite. The specified components were
mixed with kaolin; the resulting mass was subjected to
heat treatment at 800 °C.

After cooling, the product was ground in a laboratory
ball mill to a specific surface area of 1500 cm?/g.

Portland cement PC SH — 32,5 was used to test the
efficiency of the new MKM crystallization center
(metakaolin modified).

Dosing of additives was carried out in such a way that
the cement contained 3% metakaolin and 1.3% SOs.
Based on the data in Table 1, in some experiments,
potassium carbonate (potash K>CO3) in the amount of
0.25% or C-3 superplasticizer (0.15%) was additionally
introduced into the cement. The strength characteristics
of the obtained samples are shown in Table 2, they
show that the use of complex additives plays a
significant role in the processes of cement hydration
and hardening. Cement without additives shows
sufficiently low strength (13.98 MPa) per day. The
addition of only metakaolin increases the strength, but
very slightly (19.3 MPa). At the same time, modified
metakaolin increased the strength in the first day to
24.9 MPa, i.e. 43.8% more than without additives.

It is very effective to introduce 0.25% potash along
with modified metakaolin. In this case, the increase in
strength was 70% on the first day, and 74% after 2 days.
Compared with the data in Table 1, the overall strength
index corresponds to the data in Table 2, although in
the first case, high-quality PC 42,5 cement was used,
and in the second - PC Sh-32,5, i.e. cements of different
quality [31].

The addition of K,COs thickens the cement dough;
therefore, superplasticizer C-3  (0.15%) was
additionally added. The mobility of the cement paste
increases sharply, but the rate of hardening slows down.
The increase in strength in the first day is only 59%,
although in 2 days the strength is equalized. The
effectiveness of MKM action was tested on concrete
samples. The samples measuring 10x10x10 cm were
made from a concrete mixture of the following
composition: PC Sh-32,5 — 350 kg/m?; crushed stone
fraction 5-10 — 1200 kg/m?; quartz sand (Size module
=1.17) — 800 kg/m*; MKM - 3%; W/C = 0.55. The test
results are shown in Table 3.

Even concrete samples show the high efficiency of
the proposed complex additive, especially in
combination with potash K,CO; and C-3
superplasticizer. The increase in strength is 65%, with
the total strength in 2 days of hardening, giving reason
to judge the possibility of early use of products, as well
as a reduction in cement consumption per Im?, since
the additive contributes to the full use of the potential
of cement.

Table 2. - The effect of chemical additives and mineral aluminosilicate seed on the rate of cement hydration

No Consumption of materials Compressive strength, MIIa

~ | Cement, g MK, % | MKM, % | KxCOs, % W/C 1 day 2 days
1 350 0,32 13,98 14,74
2 350 3 0,32 19,3 23,8
3 350 3 0,32 24,9 +43,2% 30,23 + 51%
4 350 3 0,25 0,32 47,8 +70% 57,9 + 74%
5% 1350 3 0,25 0,32 34 +59% 53,4+ 72%

MK — metakaolin; MKM - modified metakaolin

* — C-3 superplasticizer is additionally added to the mixing water.
Table 3. - The effect of a complex additive on the strength of concrete

Ne The presence of an additive Compressive strength, MPa
3/m 1 day 2 days
1 No additives 5,59 8,09
2 MKM 3% + K2C03(0,25%)+C3 (0,15%) 12,36 23,1

Conclusions.

Three experiments were carried out during the
research work. In order to study the effect of complex
chemical additives on the hardening rate of Portland
cement, more than 120 experiments were carried out. It
has been established that the combination of single
additives into double or triple is not always justified,
but there are combinations when one additive enhances
the effect of another with a positive effect on
accelerating the hardening of cement.The expediency
of using mineral seeds - cement crystallization centers
- is shown. Pre-hydrated Portland cement or

aluminosilicates prepared in a certain way can act as a
primer.

The combination of complex chemical additives with
a mineral seed increases the strength of the cement
stone compared to the one without additives already in
the first day by 1.6-1.8 times.

Recommended composition of additives for
aluminate cement PC — 42,5: CaCl, - 0.5%, NaNO, -
0.25 - 0.5%; NaSO4 - 0.5 - 1.0%; mineral seed
(hydrated cement) - 1.5 - 3.0%. For composite cement
type PC-Sh -32,5 the center of crystallization is more
suitable.
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MiHepajibHA KOMILIEKCHA 100aBKa JJi51 0eTOHY

PosrnsHyTO CrocoOM TPUCKOPEHHS TBEpAHEHHS NOPTIAHALNEMEHTY Oe3 3acTOCYyBaHHS TEIUIOBOJIOTICHOI 00OpoOKH, 3
BUKOPHUCTaHHSAM KOMIUIEKCHHAX XIMIYHHX JOOaBOK—TIPUCKOPIOBAaUiB TBEPIHEHHS Ta TOHKOAUCIIEPCHUX [IEHTPIB KPHUCTAJi3alii.
BcranoBneHO TOUUTBHICTD MOEHAHHS KITBKOX TEXHOJIOTIYHUX MMPUHAOMIB, 30KpeMa XiMI9HOTO BIUIHBY, BBEACHHS IONEPETHBO
TiIpaTOBaHOTO LIEMEHTY K aKTHBHOTO MiHEpaJbHOTO HAITOBHIOBAYA, 4 TAKOXX BHKOPHCTAHHS MOBTOPHOTO BiOpYBaHHS IMiCIIA
nepmoi craxil cTpykTypyBaHHs. JIOCHDKEHHS MOIUICHO Ha KiNbKa CTafii, y MexkaxX SKHX IpoBeaeHO moHax 120
EKCIIepHMEHTIB 3 Pi3HUMH BapiaHTaM¥ JOOABOK Ta IX MO€HaHb. BUBUEHO Jif0 0JJHO- Ta 6araTOKOMITOHEHTHHX KOMIUIEKCHHX
n00aBOK, 70 CKIaay SKUX BXOAWIM XJIOPHIOH, HITPUTH, CyjibdarH, 3aji30-, Kalili- Ta HATPIHBMICHI CHONYKH, a TaKOXK
Hagmiactugikarop C-3. BusiBneHo ontuManbHi KoMOiHaIii KOMIOHEHTIB, sIKi 3a0e3NedyloTh HPHCKOPEHE TBEPAHCHHS
[IEMEHTHOTO TicTa 03 MOTipIIeHHs (i3MKO-MEXaHIYHUX XapakTepHUCTHK. OKpeMO MOCITIIKEHO BIUIMB TOHKOJMCIEPCHHX
LEHTPIB KpHCTani3amii, 30KpemMa MONepeHbO TiJPaTOBAHOTO MOPTIAHIIEMEHTY, SKUH BHKOHYE (YHKILIIO CTPYKTYpPHOTO
iHiIiaTopa B Mepio/ iHAYKIIIHOTO CIIOBUIbHEHHA rifparaiii. [lokazaHo, 10 moeqHaHHS MiHEpaTbHUX [EHTPIB KpUCTATI3aIii
3 KOMIDIEKCHIMH XIMiYHHMH Ho0aBKamu 3a0e31edye IpupicT MIIHOCTI IEMEHTHOTO KaMEHI0 Bke Ha mepiry ao0y B 1,6—1,8
pa3y MOPIBHSHO 3 KOHTPOJBFHUMH 3pa3KaMH 0e3 100aBoK. 3ampONOHOBAaHO PEKOMEHOBaHI CKIaqu H00aBOK JUI IIEMEHTIB
pizuux tumis (I 42,5; TIL-1 32,5), siki 03BOJISIIOTH CKOPOTHTH TPUBATICTh TEXHOJIOTTYHOTO IUKITY TBEPAHEHHS Ta TOCSITTH
eHepro3oepirarodoro epekTy y BAPOOHHITBI OETOHHUX Ta 32113006 TOHHUX KOHCTPYKIIii.
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Diagnostics of load-bearing building structures of construction industry
enterprises operating under the influence of technological fluids

Diagnosing load-bearing structures in construction industry enterprises exposed to technological fluids presents a unique set of
challenges. These fluids, ranging from corrosive chemicals to abrasive slurries, can significantly accelerate the deterioration of
concrete, steel, and other building materials. Effective diagnostics require a multi-faceted approach that considers the specific
fluids involved, their concentration, temperature, and exposure duration. Visual inspections, supplemented by non-destructive
testing (NDT) methods like ultrasonic testing, ground-penetrating radar, and impact-echo, are crucial for identifying hidden
damage such as corrosion, cracking, and delamination. Furthermore, material sampling and laboratory analysis provide a
definitive assessment of the extent of chemical attack and its impact on the structural integrity. Ultimately, a comprehensive
diagnostic program enables informed decisions regarding repair, rehabilitation, or even replacement of affected structures,
ensuring the safety and operational continuity of the enterprise.
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Introduction

Operation of building structures in an industrial
environment, especially at construction industry
enterprises, is often accompanied by the influence of
aggressive technological fluids. These fluids,
depending on their chemical composition, can initiate
corrosion processes of metal elements, destruction of
concrete, and other materials, which leads to a decrease
in the load-bearing capacity and durability of
structures. Therefore, timely and accurate diagnostics
of the technical condition of load-bearing structures
operating in such conditions is extremely important for
ensuring safe and wuninterrupted operation of
enterprises.

Review of the research sources and publications
The results and methods of diagnostics of load-bearing

building structures of construction industry enterprises
operating under the influence of technological fluids
are presented in the works of leading scientists [1-11].

Definition of unsolved aspects of the problem

The problem of diagnostics of load-bearing building
structures operated in aggressive environments remains
relevant and multifaceted, despite significant progress
in this field. One of the key unresolved aspects is the
insufficient accuracy and reliability of existing
diagnostic methods, especially in the early stages of
damage. Traditional methods, such as visual inspection
or measurement of geometric parameters, are often
unable to detect hidden defects or microcracks, which
are precursors of more serious damage. In addition, the
influence of combinations of various aggressive factors
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(chemicals, temperature fluctuations, humidity,
biological corrosion) on the durability of structural
materials has not been sufficiently studied. This makes
it difficult to predict their residual strength and safety.

Another important aspect is the need to develop more
effective and cost-effective methods for monitoring the
condition of structures in real time. Existing methods
are often labor-intensive, require specialized equipment
and qualified personnel, which makes their application
limited. Diagnostics of structures located in hard-to-
reach places or those that are already in a state of
emergency is also a significant challenge. For such
cases, innovative approaches are needed, such as the
use of unmanned aerial vehicles, remote sensing
sensors and intelligent data analysis systems.

Finally, the lack of comprehensive models for
predicting the durability of structures that would take
into account the specifics of aggressive environments
and the behavior of various materials is a significant
problem. It is necessary to develop models that would
be based on a deep understanding of the mechanisms of
destruction and would take into account the uncertainty
and variability of aggressive factors. Only by
addressing these unresolved aspects will it be possible
to ensure reliable and safe operation of building
structures in difficult conditions.

Problem statement

The aim of the work is a comprehensive diagnostics
of load-bearing building structures of construction
industry enterprises operated under conditions of
exposure to technological fluids. This involves the
detection and assessment of defects, damage and
changes in the physical and mechanical properties of
materials caused by an aggressive environment. The
results of the diagnostics will serve as the basis for the
development of substantiated decisions on ensuring the
reliability and durability of buildings and structures, as
well as optimizing strategies for their repair and
strengthening.

Basic material and results

To ensure reliable and safe operation of buildings and
structures, especially those in contact with aggressive
process fluids, it is critically important to have a high-
quality diagnosis of the condition of their load-bearing
structures. The impact of these fluids can cause
corrosion, erosion, cracking and other types of damage,
which over time weaken structures and can lead to
emergency situations. Therefore, there are various
diagnostic methods that allow you to identify potential
problems at an early stage and take the necessary
measures to prevent their development.

These diagnostic methods can be conditionally
divided into several categories, depending on the
principle of their action. The first includes visual
methods, such as inspection of structures, measurement
of cracks, fixation of deformations, which allows to
detect obvious damage. This is followed by non-
destructive inspection methods, which include
ultrasonic inspection, radiography, acoustic emission
and others, which allow to assess the internal structure

of the material and detect hidden defects without
damaging the structure. Finally, destructive methods,
which include the selection of material samples for
laboratory research (analysis of chemical composition,
mechanical tests), allow to obtain detailed information
about the properties of the material and the degree of its
damage.

The combination of various diagnostic methods,
depending on the specific conditions and types of
structures, provides a comprehensive assessment of the
condition of load-bearing elements. The choice of
methods, their sequence and scope of research are
determined individually, taking into account the type of
technological fluid, structural materials, as well as the
requirements of regulatory documents. Regular and
comprehensive diagnostics is a necessary condition for
maintaining the durability and safety of structures
operated under the influence of technological fluids.

One of the types of construction industry enterprises
operating under the influence of technological fluids is
water treatment buildings in the water supply system.

If we consider the Poltava region, namely the
Kremenchuk district, the source of the water supply
system is the Kremenchuk reservoir on the Dnipro
River. The Vlasivka water intake, which is located in
the village of Vlasivka, takes in Dnipro water from the
reservoir (Fig. 1), which then enters the microfiltration
on drum microfilters. Water is taken from the reservoir
by two siphon pipelines with a diameter of 1200 mm,
which pass through the body of the earthen dam. The
water intake head is placed in the reservoir at a distance
of 320 m from the dam. The head is located at a depth
of 14 m from the water surface.

After passing through the microfilters, the Dnieper
water enters the 1st lifting pumping station, which
supplies it through 3 parallel pipelines to the
distribution chamber on the territory of the water
treatment facilities (WTP). In the distribution chamber,
water is divided into 2 directions. In the first direction,
water is supplied to the water treatment facilities for the
production of drinking water. Then, drinking water is
supplied by the 2nd lifting pumping station to the water
supply network of the city of Kremenchuk. In the
second direction, the Dnieper water is supplied through
separate water mains to the enterprises of the Northern
Industrial Complex as technical water.

If we consider the general characteristics of the
technological process of drinking water preparation, we
can distinguish two technological lines:

The main stages of the first stage of wastewater
treatment.

1. Mixing reagents with water:

- "Amopol" - ammonization;

- liquid chlorine - primary chlorination;

- coagulant - coagulation.

2. Clarification of water in horizontal clarifiers (HV).

3. Filtration of settled water on rapid filters (RF).

4. Secondary chlorination in the clean water tank
(RCV) of the Ist stage.
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Figure 1 — Plan of water supply networks of buildings and structures of the city of Kremenchuk

The main stages of the second stage of wastewater
treatment:

1. Feeding "Amopol" before microfilters.

2. Filtration through microfilters (MF).

3. Mixing reagents with water:

- liquid chlorine - primary chlorination;

- coagulant - coagulation.

4. Contact lighting.

5. Secondary chlorination in the clean water tank
(PWT) of the second stage.

The water treated with reagents is supplied through a
pipeline to the filtration hall of contact clarifiers (CL),
where the water purification process by contact clarifier
method takes place in the intergranular space of the
filter material.

The regeneration of the filtering load is carried out in
accordance with generally accepted requirements. The
supply of washing drinking water is carried out through
a drainage tubular system from bottom to top. The
washing water is discharged into the industrial sewage
system with subsequent discharge into the Sukhyi
Kagamlyk River without preliminary treatment.

The CL filtrate enters the collecting collector, where
a chlorine water solution is supplied (secondary
chlorination), and then into clean water tanks, from
where it is supplied to the city's water supply networks
by pumps of the 2nd lifting pumping station (No. 6 on
the plan).

The authors conducted a technical condition survey
and developed recommendations for further
reconstruction of the building structures of the block of
contact illuminants of the water treatment plant section
of the water supply system of the
Kremenchukvodokanal enterprise of the Kremenchuk
City Council of the Kremenchuk district of the Poltava
region.

The load-bearing and enclosing structures of the
building were subject to inspection.

The building of the contact lighting unit of the water
treatment plant section is a frame structure with overall
dimensions of 36x66.5 m, consisting of two
longitudinal runs and a transverse run. The runs in the
axes G-Zh (1-10) and Zh-K (1-10) are 18 m wide, the
transverse run in the axes 11-13 (G-K) is 12 m wide.

The step of the extreme and middle columns is 6 m.
The general view of the building is shown
in Fig. 2.

In the spans in the axes G-Zh (1-10) and Zh-K (1-10),
contact illuminators are located, in the axes E-Z, a
technological platform was covered at the mark +3.900
for the hall of contact illuminators (Fig. 2), under which
a pipeline gallery is located.

After a thorough analysis of defects and damage to
building structures, the following categories were
separated:

The first is
structures.

The reinforced concrete columns of the middle and
outer rows have longitudinal cracks in the protective
concrete layer, local spalling of the protective concrete
layer, significant areas of destruction of the protective
concrete layer, and corrosion damage to the working
longitudinal reinforcement (Figs. 3 -5), which requires
reinforcement.

The general condition of the reinforced concrete
columns is condition 3 - "unsuitable for normal
operation." The second is metal elements and
structures.

Metal half-timbered columns made of two channels
No. 20 are significantly corroded, in the lower part of
the column in the space between the channels, debris
and remains of corroded metal have accumulated
(Fig. 6), which requires reinforcement, cleaning from

load-bearing reinforced concrete
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traces of corrosion, and restoration of the paint and The general condition of the metal half-timbered
varnish protective coating. columns is condition 3 - "unsuitable for normal
operation."

Figure 2 — General view of the building

Figure 3 — Damage to reinforced concrete columns of the middle row

Figure 4 — Damage to reinforced concrete columns of the outer rows
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T

Figure 6 — Dam;gé

The third is wall enclosing structures.

Wall enclosing structures — wall panels and window
partitions made of aerated concrete masonry — were
exposed to moisture both from the outside and from the
inside of the building due to waterlogging from
overflows through the parapet of precipitation due to
freezing of pipes and drains of the drainage system and
due to moisture condensation inside the room. The
result is the destruction and delamination of the plaster
layer on the masonry and on the panels, frost damage
to the aerated concrete masonry, destruction of the
protective layer of concrete on the panels with exposed
reinforcement, corrosion of the reinforcement up to 2
mm, the formation of through holes in the panels,
masonry and, especially, at their edges (Fig. 7). It is
recommended to restore the protective plastering of the
building's enclosing wall structures (internal and
external), to restore the protective paint coating.

The general condition of the wall enclosing structures
is condition 3 - "unsuitable for normal operation."

to half-timbered columns and metal embedded parts

Conclusions

There are several effective methods for strengthening
reinforced concrete columns, each with its own
advantages and used depending on the specific
situation. Among the most common are a metal angle
and strip cage, increasing the cross-section with
concrete with additional reinforcement, and the use of
composite materials such as carbon fiber.

The choice of a specific strengthening method
depends on many factors, including the degree of
damage to the column, the amount of required increase
in load-bearing capacity, space constraints, and
economic feasibility.

Reinforcement of steel columns is an important
process in ensuring the durability and reliability of
building structures. Over time, steel columns can lose
their load-bearing capacity due to corrosion,
mechanical damage, or increased loads on the building.
Reinforcement allows you to restore or even exceed the
original characteristics of the column, extending its
service life and preventing emergency situations.
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There are several methods for strengthening steel
columns, each of which is selected depending on the
specific conditions and requirements of the project. The
most common are the addition of ste

verlays (plates

or angles), the use of composite materials (for example,
carbon fiber), and increasing the column cross-section
by welding or bolting.

Figure 7 — Damage to wall panels

Effective reinforcement of wall structures not only
ensures the safety and durability of the building, but can
also significantly extend its service life, avoiding the
costly dismantling and construction of new walls.

In general, the choice of the optimal method depends
on the existing condition of both the structural elements
and the building as a whole, the required degree of
reinforcement, economic feasibility and impact on the
functioning of the building during the work.

An important condition for successful reinforcement
is a thorough diagnosis of the existing condition,
identification of the causes of damage and correct
calculation of the necessary reinforcement parameters.

Also, it is critical to adhere to the technology of work
execution and use of quality materials to ensure the
durability and reliability of the reinforced structure.
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shelters or reconstructing existing basements. A component of the basement reconstruction is the redevelopment of evacuation
exits from the shelters. The relevant current regulatory framework is analyzed. The object of the study is the building of an
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Introduction

Public buildings require measures to improve the
level of civil protection. A way to improve security is
to reconstruct basements into dual-purpose rooms
(shelters). Dual-purpose premises can be used for their
primary functional purposes and public protection.

Review of the research sources and publications
The world experience and expertise in planning
emergency shelters are analysed in [1]. Increasing the
level of passive safety of citizens in wartime is
described in [2]. The development of planning
solutions is studied in [3-4]. According to [5], the
movement of human flow in the event of an emergency
is analysed. The developed principles of universal
design of shelters in the example of the United States
are studied in [6]. Foreign design solutions for
emergency shelters are analysed in [7]. Global design
principles for evacuation centres were analysed [8].

Definition of unsolved aspects of the problem

Following current legislation and building
regulations, all buildings must have shelters. In recent
pre-war times, there was no need for civil protection
measures. In the context of dense existing buildings, the

construction of new civil protection facilities is not
possible (Fig. 1). Therefore, a resource for increasing
the number of relevant facilities is the conversion and
reconstruction of basements of existing buildings.

The regulatory literature does not specify a design
scheme for the collapse of a building when designing
evacuation exits.

1 ly-4ic1 Hez navH e &
<

1epynpan k) b

— the simplest shelf

Figure 1 — Situation diagram
Problem statement
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The work aims to clarify the design solutions for civil
protection shelter elements, using the example of a
historical building of an educational institution.

Basic material and results

A survey of the historic building of the educational
institution was carried out. The basement of the
academic institution measures 21.22x66.57 m in plan
along the axes. The height of the premises is 2.1 m. The
walls are brick, without a waterproofing layer along the
outer contour. The blind area is deteriorated in some
places. There is high humidity in the basement. The
walls are affected by fungus and mould. The protective
layer of concrete (exposed reinforcement) in the
reinforced concrete floor beams was destroyed (Fig. 2).

During the reconstruction of the facility, it became
necessary to convert the basement into a dual-purpose
room with the possibility of making a radiation shelter
in the future. To this end, a geological survey was
conducted to determine the ground conditions and
groundwater level. It was decided to lower the floor by
300 mm to comply with the requirements [9] regarding
the minimum height of the storage facilities and the
need to place ventilation equipment on the ceiling. The
project envisages antiseptic treatment of the inner
surface of the walls, replacement of the finishes, and
restoration of the waterproofing layer and insulation of
structures bordering the ground.

A dual-purpose emergency exit shaft was designed.
The emergency exit shaft should be designed to
withstand the impact of load combinations under
steady-state (basic) and emergency design situations. In
the calculation for emergency load combinations, the
quasi-static load from the airborne shock wave is taken
into account in accordance with the class of the
protective structure, according to [9].

The storage capacity is 300 people. There is an
emergency exit through a vertical shaft with a
protective cap. The plan dimensions are 12.26%x2.26 m.
The internal dimensions of the tunnel and shaft in the
lumen are 1.6x1.5 m. The head of the emergency shaft
exit, 1.2 m above the ground surface, is equipped with
four louvred grilles. The louvres are 0.9x0.9 m in size
and open into the shaft. The exit from the shelter to the
tunnel is equipped with protective and airtight shutters
(hatches) installed on the outer and inner sides of the
wall, respectively (Fig. 3).

A calculation was made for the effect of a quasi-static
load from the impact of an air shock wave gy ¢qv, ON
the emergency exit structures. The value was 288 kPa.

The calculation methodology is taken from the
current regulatory literature [9].

Dual-purpose storage class — (A-IV). Excessive air
shock wave pressure AP,, = 100 kPa.

When calculating the head of an emergency exit that
falls within the zone of possible rubble and is elevated
above the ground, the load from the ruins of the
destroyed building or structure is considered.

Figure 2 — Detachment of the protective
layer of concrete in the reinforced concrete floor
beams of the basement.

The emergency exit head, elevated above the ground,
is designed for horizontal quasi-static loading Gey eqv»
125 kPa.

Water supply, heating and sewerage networks of a
building that run in an adjacent room are laid in special
collectors (concrete or reinforced concrete channels),
accessible for inspection and repair work during the
operation of these networks in peacetime. The
collectors have a slope of 2-3% towards the drain.
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Clay loam p=1600 kg/m’

Concrete py=2400 kg/m

Extruded polystyrene foam g,=30 kg/m’

Reinforced concrete py=2500 kg/m’

Slag crushed rock ¢,=350 kg/m’
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Figure 3 — Section of the head of the emergency shaft (design solution)

The embedded parts for cable entries, air ducts, water
and heat supply pipes and sewage outlets are arranged
in metal pipes with flanges welded in their middle part.
The embedded parts will be installed in the enclosing
structures before concrete concreting.

The regulatory framework does not specify which
part of the building is included in the collapse volume.
Taking into account the scenario of collapse of a part of
the building, two types of collapse are provided for the
emergency exit cover combined with the ventilation
shaft

- collapse of the external load-bearing brick wall with
half of the inter-floor floor and the covering above the
Ist floor (inclusive);

- the collapse of the outer and inner load-bearing brick
wall with half of the inter-floor ceiling of the common
corridor, and the collapse of classrooms above the Ist
floor (inclusive) and the building's roof.

The vertical static load on the bearing structures of
the roof of an emergency mine is the dead weight of
these structures and the weight of the roof structures.
The weight of the supporting structures and the
elements of the roof and lining is a constant value. The
load per 1 m2 of the emergency shaft cover structures
was calculated to be 33.11 kPa.

To consider the dynamic impact of vertical loads
during the building collapse process, we introduce a
dynamism coefficient equal to 1.1 by [10].

Qoverann. = 9 X 1,1 = 33,11 x 1,1 = 36,42 kPa.

The emergency exit design includes reinforced
concrete structures with a thickness of 330 mm
(concrete class C25/30). To prevent concrete particles
from exfoliating from the inside of the wall, the project
provides for installation of additional anti-chipping
reinforcement on the inside of the protective layer of
concrete at a depth of no more than 25 mm from the
inner surface of the reinforced concrete structure with
steel mesh with a rod diameter of at least @ 2 mm, with
a mesh spacing of no more than 40 mm, attached to the
primary reinforcement of the structure (fastening
should be performed with at least three turns of knitting
wire at each point, with a spacing of at least 500 mm in
both directions).

The roof was designed using metal profiles and
embedded parts. The embedded parts are 100x100 and
100200 mm in size. Metal profiles with a square
cross-section are welded to the embedded parts with
dimensions of 100x100 mm rafters and 30x30 mm.

The effectiveness of the facility's insulation was
verified by finite element modelling according to the
design scheme (Fig. 3). The reconstruction project
provides for external insulation of the buried part of the
basement to the floor level with extruded polystyrene
foam 150 mm thick with a PVC membrane.

The study was conducted using Poltava's initial data.
Initial conditions: outdoor air temperature -22°C;
indoor air temperature +5°C according to the
calculation scheme in Fig. 4.
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Figure 4 — Computational scheme for modelling temperature fields

Average internal surface temperature: + 4.185 °C; Heat flux: 43.209 W.
Figure 5 —Modelling temperature fields in section 1-1 (across the emergency shaft)

Average internal surface temperature: + 2.861 °C; Heat flux: 585.96 W.
Figure 6 —-Modelling temperature fields in section 2-2 (along the emergency shaft)

Conclusions. When calculating the loads, the loads from the

A design of an emergency exit from a dual- complete collapse of the following were considered:
purpose room of an educational building in Poltava was  brick wall, roof structures and rafter system; attic and
developed. The influence of quasi-static load on the exit  inter-floor floors to the ground level. The Ist-floor
structure was analysed. Thermal insulation materials ceiling structures in the form of a brick vault were not
were selected. Calculation schemes for determining the ~ considered, as the collapse of such structures has a
dynamic loads on the emergency exit are proposed.  vertical motion vector.
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Jloc/iiazKeHHsI TEMI0BOJOTICHOT0 PeKMMY XOJI0AHMX FOPHUIL IHCTPYMEHTA

B ymoBax 30poitHOr0 KOHGIIIKTY Ha TepuTopii YKpaiHu mUTaHHA 3a0e3ledeHHs Oe3NeKd HMUBUIFHOTO HaceleHHS Halyio
0cOOJIMBOT aKTyanbHOCTi. BiINOBiIHO 1O Cy4acHMX BUMOT HOPMAaTHBHO-IIPABOBOI 0a3M y cdepi LUBIIBHOIO 3aXUCTY, BCi
rpoMajchKi Oy/iBi MaloTh OyTH oOJiafHaHI BiANOBIAHUMH 3aXHCHUMH CHOpPYJIaMH, 30KpeMa CXOBHIIAMH Ta YKPUTTSIMHU. B
YMOBax IIITbHOT 3a0y0BH Ta OOMEKEHUX pecypciB Ha HOBE OyIiBHUITBO OJHUM 3 €(EKTHBHHX PIlICHb € PEKOHCTPYKIIis
MiIBaJIbHUX MPUMILICHb iICHYIOUHX OyIiBesb Y MPUMILICHHS O/ABIHOTO MPU3HAYCHHS. Y TaKUX MPUMIIICHHIX TOEAHYIOThCS
¢ynkmii 3BH9aiiHOl ekcIuTyaramii B MUPHHI 4Yac i3 MOXKIMBICTIO BHKOPHCTAHHS SK 3aXMCHHX CHODYJ Yy HaJ3BHYaWHHUX
curyarnisx. OCHOBHOIO METOI0 PEKOHCTPYKIHii € 3a0e3nedeHHs BiAMOBIMHOCTI TEXHIYHOTO CTAaHy NPHUMINICHHS YHHHAM
BUMOTaM JI0 YKPHUTTIB kiacy A-1V, BKIIOUaroud BEUMOTH A0 MiHIMadbHOI BUCOTH NPUMINICHb, BEHTHUILALII, T1IPOI30JISILIii,
MPOTUTPUOKOBOI OOPOOKH Ta KOHCTPYKTUBHOI HATIMHOCTI B YMOBaX BIUIMBY HAJIJIMIIKOBOTO THCKY HOBITPSHOI YIapHOT XBHJII.
[IpoekToM mependaueHo NepeIlaHyBaHHS 3 YJAIITYBaHHSAM aBapiiHOrO eBaKyalliiHOrO BHXOLY uepe3 BepTHUKAIbHUIMA
IIAXTHUH KaHaJl, BAHECEHUH 3a MEXi 30HH MOXJIHMBOTrO 00Bally OCHOBHOI OyaiBii. Y Mexax poOOTH BUKOHAHO OOCTEXEHHS
ICHYIOUMX KOHCTPYKLiif. METOI0 3a0e3NedYeHHs HAJIeKHOTO TEIUIO3aXUCTy 3aXHCHOI CIIOPYAUM BHKOHAHO MOJIEIIOBAHHS
Tero(pi3UYHUX TPOLECIB i3 3aCTOCYBaHHAM CKiHUYCHHO-EJIEMEHTHOTO aHalli3y, L0 J03BOJIWIO OOIPYHTYyBaTH BHOIp
TEIUTOI30JALITHAX MaTepiajiB Ta KOHCTPYKTHBHUX PillICHb.

Knaiwouogi ciioBa: eBakyallisi, CXOBHIIE, BUXiJ, ITi1BaJI, IUBUIEHUHA 3aXHCT.
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Experimental and theoretical studies of reinforced concrete structures
using fine aggregates from iron ore beneficiation waste

Beneficiation waste from mining and processing plants possesses the characteristics of strong and inexpensive aggregates
suitable for structural reinforced concrete. This enables the practical use of such waste in the production of precast reinforced
concrete. Practice has demonstrated the feasibility of using iron ore beneficiation waste as fine aggregate in concrete. The
authors conducted studies on the behavior of concrete structures incorporating fine aggregates derived from iron ore
beneficiation waste. This article presents the results of research on concrete, elements, and structures with fine aggregates from
iron ore beneficiation waste under low-cycle loading.
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Introduction

Improving the economy, reliability, and durability of
structures is a key area of advancement in construction
engineering both in Ukraine and internationally.
Equally important is the reduction of concrete and
reinforced concrete costs. One way to achieve this is
through the development of construction materials
utilizing waste from the mining industry

Iron ore basins hold significant reserves of aggregates
from beneficiation waste, which can be used in the
production of concrete and reinforced concrete
structures. Utilizing such waste can help address the
shortage of non-metallic construction materials and
provide a supply of strong and affordable aggregates
for structural reinforced concrete. Reclaiming land
occupied by waste also addresses environmental
protection concerns and promotes zero-waste processes
in the mining industry.

Practice has confirmed the feasibility of using iron
ore beneficiation waste as fine aggregate in concrete.
At Kryvyi Rih National University, studies were
conducted on the performance of concrete and
reinforced concrete structures with concrete made
using fine aggregates from iron ore beneficiation waste.
The waste from all mining and processing plants has
similar properties, making it viable for practical
application in precast reinforced concrete production.

Review of the latest research sources and
publications

A review was conducted of domestic and
international research dedicated to the theoretical and
experimental study of the performance of concrete and
reinforced concrete elements under low-cycle loading,
as well as the reinforcement of the compressed concrete
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zone. The nature and physical essence of low-cycle
repeated loading were also analyzed.

Researchers such as Soleimani, S. M., Boyd, A. J.,
Komar, A. J. K., & Roudsari, S. S. Han, B., Gao, H.,
Zhang, L. Li, J., Liu, H., Guo, Q., Dai, G., Zhou, J., &
Xie, P. and others have contributed to the study of
concrete and reinforced concrete elements under low-
cycle loading.

The above studies confirm that low-cycle loading
causes changes in the strength and deformation
characteristics of both concrete and reinforcement.

The specific behavior of concrete and reinforced
concrete structures made using beneficiation waste has
been studied by researchers such as Valovoi, O. L.,
Eremenko, O. Yu., Valovoi, M. O., & Volkov, S. O.,
Arbili, M. M., Alqurashi, M., Majdi, A., Ahmad, J., &
Deifalla, A. F. Evangelista, L., de Brito, J. Krishna,
Y .M., Dhevasenaa, P.R., Srinivasan, G and others.

Definition of unsolved aspects of the problem

Improving the economy of reinforced concrete
structures requires the development of concrete with
higher strength properties and the creation of reliable
methods for predicting their behavior under load.

This aligns with the economically efficient use of
mineral resources in production. The current technical
level of industry enables the complete processing of by-
product minerals and production waste, 85% of which
can be used in construction. Therefore, saving and
optimizing the use of resources in precast reinforced
concrete production can be viewed through the lens of
comprehensive utilization of raw materials and mineral
processing waste.

Currently, iron ore beneficiation waste is used as a
substitute for sand in construction mortars and
concrete. Studies have shown high efficiency and stable
physical and mechanical properties in such concrete,
along with good workability in construction.

The use of concrete and reinforced concrete has
expanded significantly, and the average strength of
materials used has increased. High-strength materials
in structures often allow for the reduction of cross-
sectional areas without compromising design load
capacity.

The behavior of concrete and reinforced concrete
under single static loads is well studied. However, a
wide range of modern structures in real operating
conditions are subjected to high-intensity. repetitive
low-cycle loads (such as seismic or temperature
effects). Operating modes of structures are becoming
more demanding and complex. Therefore, studying the
resistance of reinforced concrete elements to repeated
high-intensity loading is a crucial issue both in
reinforced concrete theory and in solving practical
engineering problems for creating reliable and efficient
structures.

Problem statement

The physical nature of the stress-strain state of
concrete under repeated cyclic loading remains largely
unexplored, and current views on the phenomenon are
often contradictory. Despite extensive experimental

and theoretical research aimed at studying the physical
and mechanical properties of concrete under cyclic
loading, there is still no unified modern physical theory
that adequately explains the deformation process and
changes in strength characteristics of concrete under
such conditions.

Progress in the analysis of concrete and reinforced
concrete structures under variable and cyclic loading
should focus not so much on refining mathematical
calculations, but rather on the experimental
investigation and consideration of concrete and
structural behavior. It is therefore essential to develop
a comprehensive understanding of the behavior of such
concretes to effectively integrate this knowledge into
design practices.

In conclusion, scientifically accounting for the
aforementioned factors in the design of reinforced
concrete structures for strength, stiffness, and crack
resistance will help avoid inefficient use of concrete
and steel by refining safety factors.

Basic material and results

The research of concretes elements and constructions
with fine aggregate from the ore-dressing waste
products was carried out in the collation of analogical
samples of heavy concrete with traditional fine
aggregate — quartz sands.

Physical-mechanical properties of the concretes have
been explored using cubes of 10 cm ribs and prisms of
10x10x40 cm size made of concrete of 400 projected
make of 1:2.22:0.89 composition, with the addition of
1% plasticizer of cement mass and B/Z = 0.32.

In both concrete mixtures were used the portland
cement of M 500 and granite rubble with a 10-20 mm
fraction.

At axial compression, the concrete cubes made from
waste products collapsed similar to the cubes produced
from conventional concretes. The prisms collapsed
along the longitudinal crecks or ruptures. Comparing
the character of collopse (breaking) of waste products
produced concrete with the conventional concrete, it
was noticed that the first type is more brittle and breaks
almost immediately. Besides, the strength of concrete
produced from ore-dressing waste, after 28 days,
practically doesn’t increase.

Waste produced concrete has 15-20% better grip on
average. For estimation of waste produced concrete
grip between concrete and steel we propose the
following dependence [1]:

N,..=KK,KUIR, (1)

where R, —average conventional value of grip; / —
length of reinforcement (steel) embedding, cm; U —
bar perimeter, cm; K, — coefficient regarding the
steel (reinforcement) type: for smooth bars K, =1,
for periodical profiled bars K, =1.32, for ropes K-7
of @ 12-15mm K, =1.2; K, - coefficient regarding
type of concrete: for conventional concretes K, =1,

for waste produced concrete K, =1.15; K, -
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coefficient regarding bar diameter: for @ <10 mm —
K, =1.1, for 912-16 mm — K, =1, for @18 mm —
K, =09.

The average discordance between test and theoretical
out stresses (force) results for waste produced concrete,
calculated on formula (1) doesn't exceed 7%.

The average values of waste (produced concrete
limited deformations constituted 1.286 mm/m, and
1.683 mm/m for the conventional concrete). Waste
produced concrete can be considered to be practically
elastic material up to 0.8R,, tension (stress) (Fig. 1).
30,0
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Relative deformation
Figure 1 - Prestressed constructions produced from
concrete made of fine aggregate — ore-dressing waste.

We propose to determine the waste produced concrete
theoretical elastic modulus using the formula:

5500R
E =C = 2
g 27+R @

where C — coefficient obtained from experience,

c=l1.16.

The values of waste produced concrete shrinking
deformation don't exceed the shrinkage of conventional
concrete.

Waste produced concrete creep characteristic is for
16% less than that of the conventional concrete. At the
age of 300 days the values of the creep of concrete
characteristic at 0.5 and 0.6R, are corresponding

[ - 1.49 and 2.02. The theoretical values of the said

deformations on time are determined by the known
formulas [2]:

o =0, (1-¢"), )

where « — relative shrinkage deformation to
arbitrary moment of time, t; a, — limited relative

shrinkage deformation the moment of its damping;
¢, — limited value of creep characteristic related to

the moment of time ¢#=o00; o and f experimental

parameters.
The average values of limited shrinkage and creep of
concretes values and also the recommended

coefficients o and g are given in Table 1.
Table 1- Coefficients value for the concrete under test in

formula (3) and (4
Types of -5
concrete P a, % 10 @ ﬂ
Level of loading O.Sﬁnp
On waste 1.27 | 285 0.0123 | 0.0145
Conventional | 1.66 | 24 0.0132 | 0.016
Level of loading 0.6R,,
On waste 1.49 | 285 0.0123 | 0.0145
Conventional | 2.02 | 24 0.0132 | 0.016

To determine the low cyclic concrete fatique
(Table 2) 9 series of prisms of old age were tested in
the regime of soft loading with max level of stresses
within the limits of 0.75-1.

The carried out tests showed that the less the level of
loading (at low cycled loading) the higher the max
deformations of concrete ¢, .

For determination of the low cycled fatique of waste
produced concrete the following dependence is
proposed:

R, 6(1+a)a -1
N=——"Fr—"0,, (6))
2E,&;

where R,, — concrete prism strength when subjected

to  monotonous by  increasing loading:

E 1
-2 a—‘_?—gR:—; E, — modules of non-

2
I+a R, v

linearial concrete deformations; E, — concrete

R
maximum deformations; o, —amplitude of stresses.

a, (t)zOt},(l—e‘m); 3)
Table 2- Results of low-cycle fatigue testing of waste-based concrete
. Level of Max. deforma-tions Cycle test Theoretical
No of series Stresses Ma s number till
stresses of concrete &, x10 break, N value, N
1 253 1 114 0 0
2 24.8 0.98 119 4 2
3 24.3 0.97 123 5 3
4 22.8 0.9 131 11 8
5 20.7 0.82 137 18 18
6 20.2 0.8 138.5 21 22
7 19.7 0.78 140 30 28
8 19.5 0.77 141 33 32
9 19.0 0.75 141.5 * o0
* the prism didn't collapse after 120 cycles
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Experimental and theoretical results of low cycled
fatique of waste produced concrete are quite similar.

Prestressed T-beams were tested in laboratory
conditions. The T-beams were treated with concrete
simultaneously with cubes and prisms.

The steel initial stresses were specified in accordance
with specifications and were transferred from the rests
to concrete being 7 days of age (age of concrete). At the
moment of the reinforcement tempering there were no
cracks in the upper zone. The zone of clear bending free
from lateral reinforcement was tested.

By monotonously increasing loading test process
were checked and measured the concrete compressed

Relative deformation ¢ 10°

zone edge deformations, as well as the deformation. At
the stressed steel level deflections in the middle of the
span and the width of the cracks opening.

The test results analysis of the stress distribution on
high of the concrete compressed zone (Fig. 2) showed,
that the strength analysis of the normal section beams
made from waste produced concrete should be done
regarding the triangular epure of stresses by formula:

M= O,SRnpbx(ho = %xj (6)

Relative deformation ¢ 107

2%0 9 071218 2? 33 43 2%0 9 051 21 3? li 62\ T
» i
20 31734 &1 2 // 20 31/34 E /5 /6 7
160 3 o 22035 \ ‘
= Stretching Momentof 2 Stretching
g crucks appearing % g .
o < Moment of
% Pre-tensioned % 29/3 crucks appearing
1 fii el <120 s
P T P > 2
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ks % \\ s %
—\ A
% = S S—- ; /31
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Figure 2 - Epure of longitudinal deformation of concrete on middle section height beams in
dependance of the bending moment value.

According to analysis the coefficient of elasticity v
in the collapse stage for waste produced beams can be
taken as 0.8.

Crack resistance of the bending elements produced
from waste can be determined regarding replacement of
elastic-plastic moment of resistance WT by formula:

2F,
W, =b(h- x)(z +Zj+—“}(lx+a“)x
—-X

(&)
x(f—amj+F [2n+—](h ——]
3 R, 3

where all indices taken according to [4].

The values of crack formation moments regarding
(7), determined from the premises of triangular epure
of stresses, for experimental beams are shown in
Table 3.

Table 3- Values of test and theoretical index of M, Hm

Mmeap.
oo, on m %

Concretes | " M with difference

w. (1)

Produced | ¢3¢ 1 19500 | 20016 2.6

from waste

Conven- 8072 | 16250 | 19126 17.7

tional

The test values of crack opening in the beams of
waste produced concrete with M=0.6M are 27% less
than in beams produced from conventional concrete.

Theoretical values of crack width opening of the
beams made from waste produced concrete is necessary
to determine by the known formula:

= KC, 2o s 20(3,5- 1004)3/d, (8)

where K=038 —  coefficient  obtained
experimentally, the rest of values taken from [4].
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The beams deflections of beams produced from waste
are on average 20% less than that in the beams
produced from concrete based on quartz.

That's why the flexure of these beams series beams,
with M <M, is recommended to determine by

formula:
1 MC
- = s (9)
p KnEﬁJn
where  coefficient K, =095 is  obtained
experimentally.

Experimental values of dressing waste produced
concrete beams shrinkage deformation aging 480 days
is lesser for 31-32%, and loss stress value for 35%
lesser than, that in the analogical beams made of the
conventional concrete. These stresses for the reinforced
armored concrete elements are expedient to determine
using the recommendations [2] according to formula:

Esy (t)

0 = o (10)
7_F;i — 4 L
EH [F 5 J&JEO

where E, and F, — module of elasticity and

sectional area of stressing steel; F,; — sectional area
of concrete; J; — moment of beam inertia; Y, —
distance from stressed steel to the centre of gravity of
the beam section; E, = E;(7) ; T—time of application
of loading; y — is determined by the formula:

yE
l—exp(—(o’J
1-g,

where ¢, - the characteristic of concrete creep; ¢o —
the value of the characteristic of the concrete creep
charged in old age.

The value of s, (t) while calculating o, , is taken

o ()=, (1)

determined by formula (3), @, and « are known it is

from the test data. Supposing

possible to calculate the stress losses at any moment of
time.

The max. value of steel stress losses caused by the
concrete creep in the BP-1 beams in average is for 18%
less, than that in the analogical (similar) beams
produced of conventional concrete. The prestressed
losses in the beams, reinforced by single stressed steel
is recommended to determine by the formula:

no. (1-¢ )—o
O_nn — on ( ¢t )2 H ,
1-n L+Y— EFy
F;, Js

where o, — concrete initial stress; o, — steel initial

(12)

H

stress; n = ; the rest of the values are deciphered

S5

in formula (10). The formula (12) answers rather

satisfactorily to the results of the experiment.

The applied calculation formulas and methods
effectively approximate the experimental data,
allowing for an assessment of the impact of fine
aggregates derived from iron ore beneficiation waste on
the performance characteristics of concrete and its
structures. Further research will focus on evaluating the
convergence between the obtained experimental data
and theoretical calculations based on the deformation
methodology.

To inculcate in industry the results of the research a
series of tests on reinforced concrete constructions
made from waste were carried out. There were tested
eleven constructions altogether-floor slabs, roof truss,
crane beams, cross-bar and foundation beam.

The constructions were produced from the materials,
the physical mechanical properties of which had been
described above.

The general geometrical size and reinforcing of the
construction were taken from manuals.

Testing the hollow boards made from waste produced
concrete the maximum permissible deflection //200,
or accordingly 2.75 and 3 cm, was reached with load on
average of 20-30% higher than that with the boards
made from conventional concrete.

At that the deformations of concrete compressed zone
and the level of stressed concrete reinforcement is 30-
40% lesser than the corresponding deformations in the
conventional concrete made boards (than in the boards
made from conventional concrete).

The boards made from waste produced concrete have
exceeded the calculated index: on strength for 20-30%
on harshness for 40-45% and deformation ability for
37-40 and 33-34%.

According to shop drawings demands the truss is to
take up the test joint load of 297.3 kH (factum of
calculated load of 178 kH and coefficient 1.67). At
normative joint load of 148 kH the deflection of the
truss is to be 9 mm, in case of calculated load of 178
kH — the deflection of the truss is 12 mm.

The test results showed that the truss deflection with
testing load of 150 kH was 8.9 mm and with 180 kH
load — 12 mm. The truss lost its carrying capacity at
joint load of 440 kH.

The crane beam loaded with single concentrated force
in the middle section took up load of P=633 kH, wich
created stresses of M=934.5 kHm; Q=467 kH. The
second beam, loaded with concentrated forces in the
one third of the span, took up the load of P=920 kH
which created stresses of M=920 kHm and Q=460 kH
(the project demands are  Mma=549 kHwm,
Qmax=419 kH).

The test of collar-beam was carried-out in accordance
with working drawings demands. The actual load on
the collar-beam was 840 kH (calculated breaking load
653 kH).

The collar-beam deflection at normal load of 528 kH
has proved to be 8.5 mm. The standardized deflection
for this load equals 13.3 mm.

The breaking load of the foundation beam proved to
be 350 kH with calculated load of 128.6 kH.
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The described here research is a striking evidence of
the possibility of wide scale usage of ore-dressing
waste for conventional and prestressed reinforced
constructions production.

The effectiveness of reinforced constructions
production made from the waste based concrete results
from the profit gained by the ore-dressing plant,
building companies and railway management.

Conclusions

Successful resolution of the issues discussed above
will allow for the creation of reliable and cost-effective
structures, preservation of land resources and the
environment, and supply of strong and inexpensive fine
concrete aggregates to precast concrete plants.

This study investigates concrete and flexural
reinforced concrete elements and structures using fine
aggregates from iron ore beneficiation waste under

constant, variable, and alternating loads of varying
intensity.

As a result of the research, a number of specific
physical and mechanical properties were identified in
concrete made from beneficiation waste (e.g. increased
strength, reduced deformability), which must be taken
into account when developing structural design
approaches for such materials.

A comparison of experimental and theoretical results
for the strength and deformation characteristics of
reinforced concrete structures (e.g., strength, stiffness,
cracking moment) demonstrates the feasibility of using
standard design principles, provided the unique
properties of the concrete in question are considered.

Laboratory testing of elements and field tests of
typical reinforced concrete structures made with this
concrete confirm the potential for wide application and
high effectiveness of the recommended material.
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Binxoman 30araueHHs TipHHYO-30aradyBaJbHHX KOMOIHATIB XapaKTEPH3YIOTHCS BHCOKOIO MIIHICTIO, OJHOPITHICTIO Ta
HU3BKOIO BAapTICTIO, IO POOUTH iX MEPCIEKTHBHUMH Ui BHKOPHUCTAHHS AK IPiOHOTO 3alOBHIOBaYa y KOHCTPYKLiHHOMY
3amizoberoni. Lle BigkpuBae MIMPOKI MOXJIMBOCTI U NPAKTUYHOTO 3aCTOCYBAaHHA TaKWX TEXHOTCHHUX MaTepialiB y
BUPOOHUNTBI 30ipHOTO 3ali300€TOHY, 30KpeMa y perioHax 3 oOMEKEHHMH 3alacaMd HPUPOTHHUX HEPYAHUX PECYpCiB.
TIpakTH4HU TOCBIN i TOCIIKEHHSI TiATBEPKYIOTh JOITBHICTh 3aMiHM TPAIUIIIHHUX 3aIOBHIOBAYIB HA BIIXOM 30aradeHHs
3aii3HOI pyau. Y JOCHiIKEeHHI, BAKOHAHOMY Ha 06a3i KpHBOpi3bKOTr0o HaIiOHAIBHOTO YHIBEPCUTETY, PO3IIITHYTO OCOOJIMBOCTI
poboTH OGETOHY Ta 3a/i300€TOHHUX KOHCTPYKIIIH, IO MICTATH AK IpiOHUI 3alOBHIOBAY BIAXOH 30aradcHHs 3ali3HOI PYIH.
HasezneHo pesynbraTn hiznko-MexaHiYHUX BUIPOOYBaHb, IPOBEICHHX SIK y JJADOPATOPHUX YMOBAX, TaK i Yy BUIJISAI HATYPHHUX
CKCIIEPUMCHTIB Ha THMIOBHMX eJEMEHTaxX KOHCTpyKUii. JloBeaeHo, 110 OETOH 3 TEXHOTCHHMMH 3allOBHIOBAaYaMH
XapaKTEePH3YEThCS IMiABUILCHOIO MIl[HICTIO, 3MEHIIEHOIO Ae()OPMATHBHICTIO Ta MiABUIIEHOIO TPIIUHOCTIHKICTIO. PO3TiIaHyTO
MOBEAIHKY TaKUX KOHCTPYKIIH IiJ] Ti€f0 MTOCTIHHOTO, 3MIHHOTO Ta MAJIONUKIOBOT'O HABaHTaKEHHS Pi3HOI iHTeHcHBHOCTI. Ha
OCHOBI EKCIIEPHMEHTAIBHUX JaHHX MPOBEJCHO IMOPIBHAHHSA 3 TEOPETHYHHMH MOJIEISAMHM, IO IO3BOJMIO MiATBEPAWUTH
MOXKJIMBICTh BUKOPUCTAHHS JIIOYMX HOPMAaTHBHUX METOIMK PO3paxyHKY 3a YMOBH ypaxyBaHHS OCOOJHMBHX BJIAQCTHBOCTEH
6etoHHOi cyminm. 3poOJieHO BHCHOBKH OO e(pEeKTHBHOCTI BHKOPHCTaHHS BiJIXOMAIB 30araueHHs SK ajJbTepHATHBHOTO
JUKepesia 3aloBHIOBAYIB, 10 OJHOYACHO CIPHSIE MiJABUIICHHIO €KOHOMIYHOCTI, TOBMOBIYHOCTI Ta €KOJIOTIYHOI OE3MEeYHOCTI
OyniBenbHOTO BUPOOHHIITBA.
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Precast flat plate frame of buildings for renewal of the housing stock of
Ukraine

The suggested precast flat slab system is composed of columns and flat plates that connect to the columns without the use of
consoles or capitals. This structural system is intentionally designed in such a way that lines of arrangement of plastic hinges
between precast plates are artificially created. Consequently, an analysis of precast flat plate floor systems is proposed based
on the yield line method. The utilization of the yield line method facilitates the development of straightforward engineering
design schemes, potential fracture scenarios, and the determination of the load at which destructive failure occurs for all types
of precast flat plates. By employing the yield line method within the ultimate equilibrium state, utilizing a nonlinear deformation
model with an extreme criterion, design equations to address the bearing capacity of flat plate of the frame structural system
are derived. These formulas are well-suited for practical engineering use and account for the plate's installation conditions as

part of a precast flat floor.
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Introduction. The restoration of the housing stock
for today and in the future is one of the urgent problems
of construction in Ukraine. In Poltava, the solution to
this problem is implemented by constructing residential
buildings and infrastructure facilities based on the flat
plate frame structural system [1 — 3], which ensures a
fast pace of their construction with minimal labour
costs for builders. The flat plate frame structural system
of buildings consists of prefabricated precast reinforced
concrete elements that are mounted directly on the
construction site. This system demonstrates versatility,
which allows it to be used for buildings of various
types: from multi-storey buildings up to 16 floors high
to cottages 2-3 floors high in any climatic conditions of
Ukraine. It has found successful application in the
construction of above-ground multi-storey parking lots,
residential and public buildings. In Poltava, a precast
the flat plate frame structural system is being widely
introduced into residential construction. On its basis,
multi-storey buildings were built in the Sadovyi
microdistrict, Family Park residential complex,
Baronivskyi residential complex, Yevropeiskyi kvartal
residential complex, and construction is being
completed in the Peliustkovyi residential complex (Fig.

1, a, b). Interest in the flat plate frame is due to a
number of its advantages when used in construction:
freedom of architectural and planning solutions; wide
possibilities for redevelopment of premises; use of
energy-efficient materials in enclosing structures; rapid
resumption of industrialization of construction, etc. By
its design, the frame consists of a minimum number of
standard sizes of precast elements, namely: vertical
multi-storeyed columns without consoles and floor
slabs [2 — 3]. The slabs are divided into over-columned,
inter-columned and middle (Fig. 1, ¢). The operation of
each slab depends on the method of its connection with
other slabs and columns.

As shown in [7 — 9], for calculating the strength of
two-way slabs, it is quite convenient to use the yield
line method, which allows taking into account the
actual conditions of fastening, reinforcement and the
nature of the destruction of elements. In this case, one
should take into account the prerequisites of the
calculation using the nonlinear deformation model
[10], which is regulated by current regulatory
documents in the field of designing reinforced concrete
structures.
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Problem statement. In this article, based on the yield
line method using a nonlinear deformation model with
an extreme strength criterion, calculation dependencies
for solving the problems of the strength of slabs of the
flat plate structural system of buildings are obtained.

Main material and results. As a result of the
analysis of the ultimate limit state of the flat plate floor,
as a system of kinematically interconnected individual
disks, it was established that the load on the columns is
transferred in the following sequence (Fig.2): the
middle slab transfers the load to four adjacent inter-
columned slabs; inter-columned slabs transfer the load
to the over-columned slab; the over-columned slab
transfer the load to the column. This load distribution
scheme is due to the floor failure scheme, on the basis
of which the calculation of its bearing capacity is
implemented.

The established load distribution scheme allows to
consider each floor element separately from each other
in the calculations, but taking into account their
interaction. The connection of the slabs with each other
in practice is carried out by arranging a loop joint,
which is an elastic-plastic joint capable of perceiving a

¢
Figure 1 — Precast flat plate frame structural system of buildings:
a) — new building in the residential complex “Pelyustkovy” (Poltava); b) — building under construction;
¢) — general view of the structural system: 1 — column; 2 — over-columned slab;
3 — inter-columned slab; 4 — middle slab; 5 — linear brace

fixed value of the bending moment [2]. The bending
bearing capacity of the joint of the slabs 6 m long is 51
kN-m [1].

In the calculations of slabs using the yield line
method, the following assumptions are made:

— it is assumed that the slab breaks into flat disks that
are interconnected along the yield lines by plastic
hinges;

— the smallest possible displacement for a given
fracture pattern and slab loading pattern is arbitrarily
set;

— an equation is drawn up that expresses the equality
of the work of external and internal forces on the
specified displacement;

— the value of the external load that satisfies the
obtained equation is the bearing capacity of the slab.

The fracture scheme of the slab must comply with the
conditions of its support and the loading scheme, and
also ensure a single kinematic variability of the system.
In order to determine the degree of kinematic
variability, it is convenient to use the analogy of the
fracture scheme with a truss: the degree of kinematic
variability of the fracture scheme of the slab is equal to
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the kinematic variability scheme of the truss, composed
of all (positive and negative) yield lines and support
hinges of the slab.

For each slab, a set of fracture schemes is accepted
that meets the specified requirements and is confirmed
experimentally. The acceptable (with a certain degree
of idealization) will be the one for which the bearing
capacity of the slab has the smallest value.

The equilibrium equation, which expresses the
equality between the virtual works of external Wg; and
internal Wzs forces on the corresponding possible
movements of the slab in the direction of action of the
forces, is generally presented as follows:

Wi =Wea (D

Figure 2 — Load distribution between slabs of a precast
flat plate floor (a) and yield line model of floor
deformation in the limit state (b): 1 — middle slab; 2 —
inter-columned slab; 3 — over-columned slab; 4 — column

The equation of virtual work (1) for the case of
calculating slabs loaded with loads distributed over the
area and along the yield lines is presented as follows:

ququ+Ip(y)ypdl =ZMi¢ili ’ (2)
% 7 i=1

where ¢ is the design limit value of the load uniformly
distributed over the area A; y, is the virtual
displacement of the slab in the direction of the load ¢;
A is the area of the part of the slab on which the load ¢
acts; p(y) is the design limit value of the load distributed

along a line of length /; y,, is the virtual displacement of
the slab in the direction of the load p(y); / is the length
of the plate line along which the load p(y) acts; M; is the
ultimate value of the bending moment perceived by the
i-th plastic hinge (yield line) per unit of its length; ¢; is
the mutual angle of rotation of the disks in the i-th
plastic hinge of the design section; /; is the length of the
i-th plastic hinge, n is the number of linear plastic
hinges.

The application of the kinematic method is
considered for the over-columned slab of the flat plate
floor. The over-columned slabs perceive the following
loads: g uniformly distributed over the entire floor, as
well as the load p from the reaction of the inter-
columned slab supports uniformly distributed over all
faces of the slab. Since each inter-columned slab rests
on two sides on the over-columned slabs, one over-
columned slab is subjected to a load from 1/2 of the area
of the inter-columned slab on each side. This area is
rectangular in shape, so the resulting linear load on the
over-columned slab will be uniformly distributed with
a maximum ordinate value of 0.75¢l. The over-
columned slab is rigidly fixed in the middle part within
the opening and works as a cantilever in four directions
(Fig. 3).

According to the applied kinematic scheme (Fig. 3),
the destruction of the over-column slab occurs as a
result of its division into four disks by diagonal linear
hinges with the formation of linear plastic hinges at the
attachment points along the perimeter of the opening.

The work of external forces in the over-columned
slab in (1) is determined by the formula

af (21" - 1b- 1)
3

Wy = [av,d4+ [ py,di = +3g/* . (3)
A !

The work of internal forces (moments) at the
corresponding angles of rotation is determined by the
expression

Wy = Ml =4M 0, (1-b)cos45" +4M pb +4M, gl , (4)

i=I

where M) is the internal bending moment that occurs
when the plate breaks into adjacent disks 1 and 2 per
unit length of the plastic hinge between these disks;

@12 is the mutual angle of rotation of adjacent disks 1
and 2;

M, is the internal bending moment that occurs when
disk 1 breaks off from the support along the face of the
opening per unit length of the plastic hinge formed
along the break-off line;

My, = 8.5 kKN'm/m is the internal bending moment
that occurs at the loop joint;

@ is the angle of rotation of the slab disks about the
design position.

In formula (4), the angles of rotation of the disks can
be expressed as follows:

prtgp="——, 5

34 ISSN:2518-1106(online)

Academic journal. Industrial Machine Building, Civil Engineering. — 1 (62)' 2024



2
O, =18Y, :(l—b)ﬁ' (6)

After substituting expressions (5) — (6) into equation
(4), it is obtained that

b l
WRd:8M12f+8M1fﬁ+8Msupfﬁ' (7

Equation (7) contains the unknown bending moment
M, the value of which per unit length of the plastic
hinge depends on the cross-sectional area of the
principal reinforcement intersected by this hinge. The
hinge under consideration intersects the principal
reinforcement of both directions, while the over-
columned slab is uniformly reinforced, i.e. the amount
of reinforcement in both directions is the same, and
therefore the bending moments perceived by the slab in
these directions are also the same.

(I-bJcos45° | (I-blcos45°
2 2
d

Figure 3 — Design diagram of the fracture (yield lines
formation) of the over-columned slab

The bending moments perceived by the
reinforcement in one direction will be Mz;sin45°, and
in the other - Mpgsc0s45°. The value of the bending
moment M, is the geometric sum of the moments
acting in the two directions:

M,, =M, sind5°+ M, cos45° =M,,,  (8)

where Mg, is the bending moment experienced by the
slab in one direction.

The bending moment experienced by the slab in one
direction is calculated by the formula:

My, = .f;/d‘Ast > ©

Taking into account (8) and (9) equation (1) takes the
form

12 —1b-b?
u :sib(MRd +M,,).

3 I (10)

The ultimate load that the over-columned slab can
withstand according to the failure scheme (Fig. 3) with
a given reinforcement can be determined from equation
(10) by the formula:

241(My, + M, )

=) 11
=0 “1arb b (1)
in which
A A
MRd:j;/d s d_Z f;}d s , (12)
I-b fa(1-D)

where Mgy is the value of the internal bending
moment per unit length of the slab;

fea 1s the design value of the concrete compressive
strength;

d is the effective depth of the slab section;

x =0.52 ... 0.59 is a parameter that depends on the
concrete grade [10].

The problem of selecting the cross-sectional area of
the principal reinforcement per unit length in one of the
directions of the slab at a given load is solved based on
the condition of equality of the internal and external
bending moments by the formula

AY:& 1-Jl-4ya, d, (13)
fvd ZZ
in which
11° -12°b + b* ) - 24IM
&m:q( ) = (14)

24f Pd?

The inter-columned slabs of the flat plate floor
perceive the following loads: uniformly distributed ¢
over the entire floor, as well as the load p(y) from the
reaction of the supports of the middle slab distributed
in the form of triangles on the opposite faces of the slab.
This distributed load on the slab is transmitted from two
neighbouring middle slabs. Since each middle slab rests
along 4 sides on the inter-columned slabs, a load from
0.25 of the area of the middle slab on each side is
transmitted to one inter-columned slab. This area is
triangular in shape, therefore the reduced linear load on
the inter-columned slab will be triangular with the
maximum ordinate value ¢//2 in the middle of the span.
The intercolumn slab is actually a crossbar by the
nature of its work and support schemes.

The ultimate load that the inter-columned slab with a
given reinforcement can perceive is determined based
on the yield line method by the formula:

~ 24(M,, +M,,)

o ) (15)

q

in which Mg, is the value of the internal bending

moment per unit length of the slab is calculated by
formula (12) under the condition b = 0.
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The problem of selecting the cross-sectional area of
the principal reinforcement per unit length in one of the
directions of the inter-columned slab at a given load is
solved based on the condition of equality of the internal
and external bending moments by formula (13), in
which

2
g S, 6
241 1d

The middle slab in the limit state from the action of a
uniformly distributed load g over its area takes the
shape of a pyramid with the apex at the bottom and a
height equal to the deflection /. In the calculation of the
bearing capacity, the middle slab is considered as
hingedly supported. At the same time, in the linear
hinges formed at the joints with the inter-columned
plates, a uniformly distributed bending moment M,
acts, which arises at the loop joint.

The ultimate load that the middle plate can perceive
with a given reinforcement can be determined based on
the yield line method by the formula:

24(M,, + M
g= (R‘;ZS“P) , (17)
in which Mg, is the value of the internal bending
moment per unit length of the slab is calculated by
formula (12) under the condition » = 0.

The problem of selecting the cross-sectional area of
the principal reinforcement per unit length in one of the
directions of the middle slab at a given load is solved
based on the condition of equality of the internal and
external bending moments using dependence (10) by
formula (13), in which

2
g, - L2 (1)
241 1d

Interpretation of results and their approval. Based
on the developed methodology, the bearing capacity of
full-scale samples of the flat plate floor slabs [2] was
calculated. The characteristic values of the strength of
materials were used in the calculation. The results of

comparisons of the values of the destructive load
without taking into account the self-weight are given in
Table 1.

Table 1 — Comparison of experimental and theoretical
values of the destructive load for the precast flat floor
slabs

Experimental Design

Slab type destructive destructive
load, kN load, kN
Over-columned 266,70 240,07
Inter-columned 156,90 122,92
Middle 211,82 109,91

Conclusions. Based on the analysis, it was found that
the flat plate floor of the precast frame combines
separate elements connected by linear joints, which can
perceive a certain value of the bending moment. Based
on this, the possibility of calculating the bearing
capacity of each slab in the floor composition based on
the yield line method has been established. As a result,
it is possible to consider the calculation of each slab
separately, taking into account the nature of the load
distribution on it, the support scheme and the
interaction between the slabs in the floor composition.
The developed methodology for calculating the bearing
capacity of a slab of a precast flat plate floor has a clear
algorithm and a substantiated experimentally physical
content, which allows the desired solution to be
obtained in the form of analytical dependencies, and
therefore does not require the use of iterative or other
approximate methods in calculations. All this will
contribute to improving the design process of buildings
with a precast flat plate frame, increasing the accuracy
of calculating the bearing capacity, and will contribute
to a faster implementation of such frames in the
renovation of the housing stock of Ukraine.
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30ipHuii 0e30aK0BUIl Kapkac OyaiBesib 1/l IOHOBJICHHS KUTJIOBOTO
¢ouay Ykpainu

VY cydacHOMy OyIiBHHIITBI IIHPOKO 3aCTOCOBYIOTHCS KAPKACHI KOHCTPYKTHUBHI CUCTEMH OYiBENb 3 TNIOCKUMH 0€30aTKOBHMU
nepekpuTTsAMH. Pearizaiiss Takux cucteM y 30ipHOMY BapiaHTi 3 MiHIMaJIbHOIO KUIBKICTIO €JIEMEHTIB CTBOPIOE IIHUPOKI
MOJKJIMBOCTI IS TPHUCKOPEHHS TEPMiHIB OYIiBHHITBA. 3almpoOIOHOBaHAa 10 BHUKOPHCTaHHS Oe30alkoBa KapKacHa
KOHCTPYKTHBHA CHCTeMa OyZiBelb CKIaJIaeThCsl 3 KOJOH 1 IUIOCKHX IUTAT, SIKi 3’ €JHYIOTHCS 3 KOJOHAMHU 0€3 BHKOPHUCTAHHS
KOHCOJIeH abo KamiTemneit.

Po3paxyHOK Hecy4oi 34aTHOCTI MEPEKPUTTS 0e30aIKOBOT KOHCTPYKTUBHOI CHCTEMH MPONOHYETHCS 3IHCHIOBATH HA OCHOBI
KIHEMaTHYHOTO CHOCO0y METONy TpaHW4YHOI piBHOBaru. Po3risgaeTscs TpaHWYHMH CTaH IEPEKPHUTTS, KOTPUI
XapaKTepH3YEThCs MOSBOIO MUIACTHYHUX MIapHipiB. [Ipy 1mpoMy B 30ipHOMY MEPEKPUTTI YTBOPEHHS JIHIMHUX IIACTUYHHX
HIapHipiB Hamlepe1 3aIpOrHO30BaHO B3JOBX JiHii cTHKIB 30ipHHX mnT. Lle 1ae 3Mory po3risiaTti B po3paxyHKy KOXKHY IUTUTY
OKpEMO 3 ypaxyBaHHSIM YMOB 11 3aBaHTa)KCHHsI Ta 3aKPIIUICHHS Y CKJIaJl MEepeKpUTTs. Y TpaHUYHOMY CTaHi IUIUTa BHACIIIOK
YTBOPEHHSI TUIACTUYHUX IIAPHIPIiB ITEPETBOPIOETHCS B MEXAHI3M 3 MOJAIBIINM 3pOCTaHHAM nedopmariii 0e3 301IbIIeHHS
HaBaHTakeHHs. HaBaHTa)KeHHs, 110 BiAIIOBiJa€ TAKOMY CTaHOBI IIUTH, € HECYUOIO 3/IaTHICTIO IUINTH.

BUKOpHCTaHHS KIHEMATHYHOTO METO/Y CIIPOLIY€E PO3POOJICHHS PO3PaxXyHKOBHX CXEM Ui HMOBIPHHX BHIIAJIKIB PyHHYBaHHS
Ta BU3HAYCHHS PYHHIBHOTO HABaHTaXXEHHS JUIA BCIX THUIIB 30ipHUX IUIOCKHX IDTHT 0€30aiKoBOro mepekputTs. Llei miaxin
XapaKTepH3YEThCS YiTKO BU3HAYCHUM AITOPUTMOM 1 MiATBEPDKYETHCS eKCIIEPUMEHTAIbHUMU JaHUMHU.

Ha ocHOBi KiHEMaTHYHOro CHOCOOY BHBEICHI aHATITHUYHI 3aJICKHOCTI I BH3HAYCHHS HECYYOi 3MaTHOCTI HAIKOJOHHOI,
MIDKKOJIOHHOT Ta cepeIHbOT IUTUT 30ipHOT0 HEPEKPUTTS, a TAaK0X GOPMYIIH ISl po3paxyHKy HEOOXiHOT IIOIIi apMaTypH IHX
wmt. L{i piBHAHHS 3py4Hi U IHKEHEPHOTO 3aCTOCYBaHHS 1 yCyBalOTh MOTPeOy B iTepalliiHuX abo HaOMMKEHHX MeToJax
po3paxyHKy. OTpuMaHi 3aleKHOCTI 0a3yroThcs Ha HeENiHIWHIN aedopmamiiiHii Momenmi 3ami300€TOHHHMX €JEeMEHTIB Ta
BPaxOBYIOTh [IEPEAYMOBH PO3PaxyHKy 3a AIFOUYMMH HOPMaTHBHUMH JOKYMEHTaMH.

Karwouogi ciioBa: 3amizo0eToH, kapkac, 0e30aIKoBe MEPEKPHUTTS, TUTUTA, HeCyda 3JaTHICTb.
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Review of multilayer reinforced concrete beams
with rectangular cross section experimental-theoretical studies
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One of the options for reducing cement consumption for the preparation of concrete for bent reinforced concrete structures is
the use of two-layer beams with higher strength concrete in the compressed zone and lower strength concrete in the tensile
zone, which saves cement without losing structural strength. Experimental tests and theoretical calculations of concrete
deformations in the compressed zone of five series of concrete beams with cross-sectional dimensions of bxh = 100x160 mm
and a total length of 1500 mm were compared; compressed zone concrete of class C20/25; tensile zone concrete of class
C12/15; reinforcement in the tensile zone - 2012 mm of class A400C. The beams differed in the thickness of the concrete
layers in the compressed and tensile zones. As a result of the comparison, it was found that the average value of the ratio of
theoretical to experimental results was 15.1%; the mathematical expectation of this ratio was 0.856; the coefficient of variation
of the ratio was 9.3%, which indicates a fairly high correlation of results.
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Introduction

The development of the range of building structures
involves both the search for fundamentally new types
of elements made of one material or in combination of
several materials for their joint mutually beneficial
operation and the improvement of existing building
products, namely, reducing their weight while ensuring
the same load-bearing capacity, increasing the
manufacturability of production, etc. This issue is even
more acute in bending reinforced concrete structures,
as stretched concrete is not taken into account in the
calculation of the overall bearing capacity of the
structure, but only increases its weight and,
consequently, the cost of manufacturing. That is why
replacing stretched concrete in such structures with a
cheaper material, such as concrete of a lower strength
class or with porous aggregates, is an urgent problem.

Review of the research sources and publications
In their works, the researchers propose using ash,

ground slag, metallurgical waste, slag-alkali concrete,
chemical additives (potash, liquid glass, plasticisers),
aggregates and void fillers, as well as improving the
composition of concrete mixtures and their heat
treatment to reduce concrete and cement consumption.

Publication [1] describes a method for the production
of precast concrete floor slabs with oval cavities, which
is aimed at reducing the consumption of concrete and
cement during their manufacture. However, this
method has not gained popularity in mass production
due to the destruction of the walls of the oval holes
when the punches are removed from the newly formed
slab.

Work [2], led by V.S. Shmukler, indicates that for a
nominal span of 6 m, the most economical in terms of
concrete consumption are slabs with oval cavities, the
thickness of the concrete layer of which is 92 mm,
compared to 120 mm for slabs with round cavities. At
the same time, the production of such panels is
accompanied by technological difficulties: after the
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removal of the cavity fillers, the channel walls in newly
formed products sometimes collapse. For this reason,
boards with round cavities were adopted as the
standard. Further development of technologies will
allow us to move to more economical designs.

Demchyna B.G., Litviniak O.Y. and Davydiuk O.V.
[3-4] were the first to scientifically substantiate the use
of foam concrete in precast concrete slabs.

Current regulations [5] define cement consumption
rates for the manufacture of concrete and reinforced
concrete products. The regulated amount of cement per
1 m? of concrete must ensure the design properties, such
as compressive strength class, density grade, frost
resistance and water resistance.

An interesting method of reducing concrete
consumption in the production of floor slabs is the use
of non-removable plastic voiding agents of various
shapes (washer, spherical, box) [6-7], as well as stone
materials [8]. This method can reduce concrete
consumption by up to 30 % compared to solid slabs.

Definition of unsolved aspects of the problem

Definition of unsolved aspects of the problem

Thus, the creation of resource-saving building
structures involves the search for new types of them
made of one material or in combination of several
materials for their mutually beneficial operation,
reducing their cost while ensuring the same load-
bearing capacity, increasing the manufacturability of
production, etc. It should be noted that in calculations
of the total bearing capacity of a structure, stretched
concrete is not taken into account [9], but only
increases its weight and, consequently, the cost of
manufacturing. However, a systematic review of the
results of both experimental and theoretical studies of
the possibility of replacing stretched concrete in such
structures with a cheaper material, such as concrete of

a lower strength class or with porous aggregates, has
not been performed.

Problem statement

The aim of this paper is to review the results of
experimental and theoretical studies of concrete
reinforced beams of rectangular cross-section and to
compare them.

Basic material and results

To obtain experimental data on the performance of
concrete reinforced beams of rectangular cross-section

[10-11], the following specimens were made (see Table

1 and Figure 1):

1. concrete beam: concrete of compressed zone of
class C20/25 - 80 mm, concrete of tensile zone of
class C12/15 - 80 mm (sample B-1 - 3 pieces);

2. concrete beam: concrete of compressed zone of
class C20/25 - 40 mm, concrete of tensile zone of
class C12/15 - 120 mm (sample B-2 - 3 pieces);

3. concrete beam: concrete of the compressed zone of
class C20/25 - 120 mm, concrete of the tensile zone
of class C12/15 - 40 mm (sample B-3 - 3 pieces);

4. concrete beam: concrete of compressed zone of
class C20/25 - 55 mm, concrete of tensile zone of
class C12/15 - 105 mm (sample B-4 - 3 pieces);

5. concrete beam: concrete of compressed zone of
class C20/25 - 105 mm, concrete of tensile zone of
class C12/15 - 55 mm (sample B-5 - 3 pieces);

6. beam made of solid concrete of class C20/25
(sample B-6 - 3 pieces);

7. beam made of solid concrete of class C12/15
(sample B-7 - 3 pieces);

8. concrete prisms and cubes for determination of
physical and mechanical properties of concrete;

9. reinforcing bars for determination of physical and
mechanical characteristics of reinforcement.

Table 1 - Ratio of concrete heights of concrete reinforced beams of rectangular cross-section

Grade of beams B-1 B-2

B-3 B-4 B-5

Ratio of height
(mm) of concrete
classes C20/25 to

80/80 40/120

hcaons/heizns=1 | heaons/heizns=0,33

120/40 55/105 105/55

hcaons/hei215=3 | heaons/heizns=0,5 | heaons/heiois=2

C12/15
class boundary o 6A2400 1-1
of concrete 206A240C = clamps,g 150mm pitch i
=

S 10 8

h ELIEAT L | An
:)T 2@12A400C ,100 ,

1500

Figure 1 — Formwork drawing of experimental beams

The concrete mix was made using M500 cement from
Balakleya Cement and Slate Plant, 10-20 mm granite
crushed stone from Kremenchuk quarry and quartz
sand with a particle size distribution of 1.0. The
composition of the lightweight concrete was as follows:

cement - 400 kg, sand - 655 kg, crushed stone - 1130
kg, water-cement ratio (w/c) was 0.55. The concrete
mixture was mixed in a 50-litre electrically driven
concrete mixer.

Academic journal. Industrial Machine Building, Civil Engineering. — 1 (62)' 2024

ISSN: 2409-9074(print) 39




To measure the relative deformations of the beams in
the zone of maximum bending moments, wire strain
gauges 2PKB-20-200KhB with a base of 20 mm on the
reinforcing bars and a base of 50 mm on the concrete

surface were used (see Fig. 2). To measure the
deflections, we used clock-type indicators (division
price of 0.1 mm).

600

Vo A

—
TeH30p63HCTOpH%— &
el
I-2 @
X
-1 9N
1200

Figure 2 — Scheme of loading during experimental testing of concrete beams and placement of
measuring instruments

In the study of the stress-strain state of bending
elements with normal cross-sections, the deformations
in the fibres furthest from the neutral layer (the most
stretched and the most compressed) are of decisive
importance, since they can be used to judge the bearing
capacity of the structure under study. As a result of
measuring the deformations in the outermost fibres of
the cross-section of the studied bi-concrete reinforced
beams of rectangular cross-section, measured using
electrotensor resistors, graphs of the dependence of
deformations on the bending moment of the samples of
five series were obtained.

The theoretical determination of the strength of
sections normal to the longitudinal axis of reinforced
concrete beams can be carried out similarly to the
calculation of the strength of conventional reinforced
concrete beams [12]. In addition, in the practice of
building structures construction, it is rarely necessary
to accurately describe the stress-strain state of an
element. Usually, it is sufficient to determine the
bearing capacity of the element and the maximum
deflection with the required accuracy. the assessment
of the strength of the normal section of reinforced
concrete beams is presented on the basis of a joint
solution of the equilibrium equation of longitudinal
forces in accordance with the scheme of internal forces
arising in the cross section.

The hypotheses underlying the theoretical
calculations of strength and deformability of concrete
reinforced beams are as follows:

 concrete reinforced beams operate reliably under
various loading patterns and conditions;

« at all stages of loading, the joint operation of two
layers of concrete and the working reinforcement of the
complex beam is ensured;

» when composite beams operate in the elastic stage,
the hypothesis of flat sections is valid, and the
horizontal layers do not press on each other, i.e. there
are no compression deformations and they do not affect
the stress-strain state of the structure.

Figure 3 shows a comparison of the development of
deformations in the most compressed (upper) fibre of
five series of concrete beams in the middle of the span,

obtained as a result of experimental tests and calculated
theoretically on the basis of a joint solution of the
equilibrium equation of longitudinal forces arising in
the cross-section of the beams. The graphs in Figure 3
show that all specimens, regardless of the value of the
ratio of the height of the higher class concrete to the
lower class, were elastic at the initial stages of loading
in both the compressed and tensile zones of the bending
element cross-section. The appearance of plastic
deformations was observed at loads of 60-65% of the
destructive load; the bending moment was 5.7-
6.3 kNm.

The calculated deviations of the theoretical from the
experimental results of determining the deformations of
the compressed zone of concrete are recorded on the
graphs in Figure 3 for each degree of loading of each
series of tested specimens in percent. Table 2 shows the
average values of these deviations for each series of
beams. A graphical comparison of the deviations
presented in Table 2 is shown in Figure 4. The average
value of the deviation of theoretical from experimental
results for beams of all series is 15.1%.

In order to assess how well the theoretical model for
determining deformations based on the joint solution of
the equilibrium equation of longitudinal forces arising
in the cross-section of beams agrees with the reality
represented by experimental data, statistical processing
of the results was performed: the mathematical
expectation and the coefficient of variation of the ratio
of theoretical results to experimental ones were
calculated (see Figure 5).

Statistical processing is essentially a test of the
reliability of the theoretical model and the
identification of potential deviations. The tasks of
statistical processing are as follows:

— assessment of the accuracy of the theoretical
model: the mathematical expectation (mean) of the
ratios can show whether the theoretical values
overestimate or underestimate the experimental values.
The calculated mean value of the mathematical
expectation of the ratio is 0.856, which indicates that
the theoretical model slightly underestimates the
experimental values;
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Figure 3 — Comparison of the development of deformations in the most compressed (upper) fibre of five series of
concrete beams obtained as a result of experimental tests and calculated theoretically on the basis of a joint solution of
the equilibrium equation of longitudinal forces

— detection of systematic deviations:

%

20
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Figure 4 — Comparison of deviations of theoretical calculations from experimental tests

B-1

B-2

19,8

12,0

B-3 B-4

Beam series mark

if the

mathematical expectation of the ratio differs from 1.0,
this indicates a systematic error in the theoretical
model. The applied theoretical model consistently
underestimates the experimental data, as described

above;

to determine whether the theoretical model is too

simple: if the mathematical expectation of the ratios
differs significantly from 1.0, this may indicate that the
model does not take into account important factors that
affect the experimental data. In our case, there were no

significant

deviations,

which

indicates

that

all
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important factors of the experimental tests are taken
into account in the theoretical model,;

— determining whether the theoretical model is too
complex: in some cases, an overly complex model can
be ‘overtrained’ on experimental data, leading to poor
predictions on new data. In our case, no overly complex
aspects were found in the theoretical model;

0,902
0,92 0,883

0,90
0,88
0,86 0,833
0,84 0,802
0,82
0,80
0,78
0,76
0,74
a) B-1 B-2 B-3 B-4 B-5
Beam series mark

— selection of model parameters: mathematical
expectation calculations can be used to select the
parameters of a theoretical model that give the best fit
to experimental data;

— model improvement: analysis of deviations from
mathematical expectation can help identify the causes
of deviations and improve the theoretical model.

Vx
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Figure 5 — Comparison of mathematical expectation (a) and coefficient of variation (b)
ratio of theoretical results to experimental ones

Conclusions

The results of experimental studies confirm the
feasibility of using bi-concrete beams in construction
practice to ensure the economic and technical
efficiency of load-bearing structures. The effective
ratio of layers with different concrete characteristics
reduces cement consumption for the preparation of the
concrete mix. The efficiency of bi-concrete beams is
based on the rational distribution of materials: concrete
with higher strength is used in the compressed zone,
while less durable concrete is used in the tensile zone,
which saves resources without losing structural
strength.

The average value of the deviation of the theoretical
deviation of the longitudinal forces arising in the cross-
section of the beams from the experimental results of
determining the deformations of the compressed zone
of concrete calculated for all five series of beams based
on a joint solution of the equilibrium equation of the
longitudinal forces arising in the cross-section of the
beams is 15.1%. The average value of the mathematical
expectation of the ratio of theoretical to experimental
results of all five series of beams is 0.856; the average
value of the coefficient of variation of this ratio is 9.3%.
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Introduction

To experimentally investigate the thermal and
humidity conditions of a cold attic of a public building
using an instrumental method, to analyze the dynamics
of temperature and humidity changes in different
periods of the year, to identify the main factors
influencing the formation of a microclimate, and to
develop scientifically based recommendations for the
efficient and safe further operation of the attic space,
taking into account the requirements of energy
efficiency, durability of building structures and
prevention of condensation and mold.

Task statement

Determine the humidity of materials in different areas
of the attic space during different periods of time.
Analyze the impact of external climatic conditions on
the internal thermal and humidity regime of the attic.
Identify critical areas with an increased risk of
condensation and mold growth. Analyze the results of
the study in accordance with current building codes and
standards [7]. Based on this analysis, provide practical
recommendations for improving microclimatic
conditions in a cold attic in order to prevent damage to

building structures and maintain the proper technical
condition of the building. Conduct a study of the
thermal and humidity conditions of a cold attic and
formulate reasonable recommendations for its
optimization in accordance with the approaches given
in [3, 4] Improving the thermal insulationof cold roof
structures by improving the thermal performance of
attic floors with heat-conducting inclusions is the main
objective of this work, and we have the same goal.

Main material

The object of the study is a public building located in
the city of Poltava, built in 1880. The walls are brick,
550 mm thick. The building is one-story with a
basement. The attic is cold and unused. The floor
structure is made of wooden beams and insulated with
a 100 mm layer of mineral wool, which is insufficient
to meet modern energy efficiency standards [5,17]. In
addition, prior to the installation of the insulation layer,
no preliminary survey of the structures was carried out
to identify the need for repair and restoration work. The
existing loose insulation was not removed, nor were the
remains of the outdated stove heating system, which
negatively affects the thermal insulation characteristics
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of the structure and complicates the assessment of its
technical condition [6].

. : : . .

A Y -l - e
Figure 1 - Numerous traces of damage to wood due to
water exposure

Figure 2 - A waterproofing film membrane is installed
above the rafters

The roof is gabled and covered with metal tiles.
Despite the fact that the building has only one above-
ground floor, it is equipped with organized drainage
systems. The rafter system is made of wood, and a
waterproofing film membrane is installed above the
rafters (Fig. 2). However, there are no vents in the eaves
and ridge board in the attic, which significantly
complicates natural ventilation (air circulation) [1].
During previous repairs, the dormer windows were
replaced with airtight metal-plastic ones, which further
reduces the ventilation of the attic space (Fig. 4).
During the inspection to assess the humidity level,
significant traces of water damage were found on the
surface of the insulation (Fig. 1) [2,18].

Most elements of the attic rafter system show signs of
mold damage, indicating an unfavorable microclimate
in the roof structure and a violation of the moisture
regime [8,9,10,11,14]. To obtain more detailed
information and a more accurate understanding of the
conditions, it was decided to install specialized devices
to conduct instrumental experiment[12,13,15]. The
experimental studies were conducted between February

7 and 15, 2025. A Testo 174H logger—a temperature
and humidity recorder—was used to measure the
temperature and relative humidity in the cold attic
space (Fig. 3). The device is designed for autonomous
periodic measurement of microclimate parameters,
recording and storing the obtained data in a built-in
non-volatile memory for a long time. This made it
possible to obtain continuous dynamics of changes in
the temperature and humidity regime in real time,
which is a necessary condition for a qualitative analysis
of the thermal condition of the attic space [9,19,20].

Figure 3 - Temperature measurement results using the
Testo 174H recorder.

To measure the moisture content of wooden rafters
and insulation, we used the Testo 606-1 moisture meter,
a device for measuring the moisture content of gases,
liquids, and solids (Fig. 5). The Testo 606-1 wood
moisture meter measures moisture levels using a
contact method. The wood moisture meter is equipped
with two needle electrodes that are inserted into the
material being measured.

Figure 4 - Hermetic metal-plastic windows in attic
openings, which negatively affect the ventilation of the
attic space
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Figure 5 - The results of the moisture measurement of
wooden rafters were performed using a Testo 606-1
moisture meter.

Two loggers were used for the experiment. Logger No
1 was fixed under the ridge board (Fig. 7), and logger
Ne 2 was placed on mineral wool in the attic floor
(Fig. 6).

o TR SR : LY

Figure 6- Location of logger Nel on mineral wool attic
insulation

Using a moisture meter, readings were taken from

most of the rafter structures (Fig. 5) and from mineral

wool in particularly damp areas (Fig.8).

The results of the moisture meter survey confirmed
that the moisture content of some elements of the rafter
system is 39.9%. This is conclusively proven by the
Testo 606-1 readings shown in Fig. 5.

Throughout the experiment, average humidity and
outdoor air temperature were measured. These
indicators in the city of Poltava ranged from 67% to
80% during the entire study (Fig. 9, Fig. 10).

In order to ensure optimal thermal and humidity
conditions in the cold attic, as well as to reduce heat
loss from the building, the required thickness of the
thermal insulation layer was calculated [7].

Calculated thermal conductivity coefficients of the
enclosure structure materials:

wooden boards — A, = 0,14L;
(mxK)

mineral wool - 4, =0, OSOL;
(mxK)

LA

(mxK)’

o, — heat transfer coefficient of the inner surface of

membrane — 4, =0,3

the enclosing structure;

w

=10—5—;
(m”xK)

a ,, — heat transfer coefficient of the outer surface of

the enclosing structure;

Figure 8 - Increased humidity of mineral wool at attic
level
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Figure 10 - Air temperature chart

Table 1 - Air humidity

Date Logger Nel, % Logger Ne2, % External humidity, %
07.02.2025 85,91 88,45 62
08.02.2025 85,31 88,3 65
09.02.2025 86,11 89,34 68
10.02.2025 87,57 91,76 60
11.02.2025 87,69 92,06 63
12.02.2025 86,43 94,51 65
13.02.2025 85,1 94,83 60
14.02.2025 87,27 96,76 63
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We determine the transmission resistance of the
enclosing structure:

-1 +§+§+§+ L.

RZtr - >
ainl Zl /12 A’j aext

R _ 1,002 0300 0002 1 _ o0 . K ~_Wooden hoards 20 mm
w

Err__+
10 0,14 0,050 0,300 23

Figure 11 - Insulation diagram
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Conclusion: As a result of the instrumental
study of the thermal and moisture regime, it was
established that the attic structure in its current state
does not provide an adequate level of ventilation. This
leads to excessive moisture accumulation (up to 90%)
within the attic space, as confirmed by data from Testo
174 H loggers. Due to the lack of effective ventilation
in the attic, condensation appears on the surface of the
insulation and mold damage to wooden structures is
observed. An additional unfavorable factor was the use
of a moisture-impermeable film that covered the
existing layer of mineral wool insulation. This led to
moisture accumulation in the insulation, a decrease in
its thermal insulation parameters, and an increase in
weight. It is recommended that this membrane be
completely dismantled. Based on thermal calculations,
it has been determined that the required insulation
thickness should be at least 300 mm of mineral wool
with a density of 15-20 kg/m? [3]. When installing new

insulation, it is necessary to provide for the use of a
protective wind or waterproof membrane that is
permeable to water vapor, which will ensure free
“breathing” of the structure and prevent moisture
accumulation in the insulation [7]. In addition, local
repairs and reinforcement of wooden floor elements
affected by mold or damage should be carried out. To
stabilize the thermal and moisture regime of the attic, it
is also necessary to: install vents in the eaves and ridge
parts of the roof; replace sealed attic windows with
ventilation grilles; dismantle the existing loose
insulation [4].

The implementation of these measures will
significantly improve the microclimate of the attic
space, extend the service life of the structures, and
prevent further destruction of the roof elements

[19,20].

References

1. Maref, W., Lackey, J., Van Reenen, D. & Kumaran,
K. Assessment of hygrothermal performance and mould
growth risk in ventilated attics // Building and
Environment. 2024. Vol. 253. P. 111089.

2. Coxonenko, B., T'omomguos, O., Cokonenko, K.,
®inateB, M. YM0BH Ta (akTOpy HEraTHBHHX HACIiIKiB
PEKOHCTPYKIIi — TEIIOBOI MOJEpHI3aIlil MICBKHUX
Oynmiens // 30ipHMK HaykoBHX IIpamb. [amyseBe
ManHOOy ryBanHs. byniBaunTso. 2020. Ne 1(54). C. 87—
92. DOI: https://doi.org/10.26906/znp.2020.54.2278.

3. Opin, O., 3uryn, A., Knenko, A., Ksinizo, M.
BusHayeHHS ONTHMAaJBbHOTO BapiaHTy —TEIUIOI3OJIALIT
TOPHIITHOTO MEPEKPUTTS HABYAIBLHOTO KOpITycy // 30ipHUK
HAayKOBUX  mpaipb. laidy3eBe  MauIMHOOYAyBaHHS.
ByamiBaumrBo. 2021. Ne 1(56). C. 43-52. DOI:
https://doi.org/10.26906/znp.2021.56.2506.

4. Cemko, O., ®inonenko, O., I'acenko, JI., Marac, H.,
Pynenko, B. TemmnepaTypHO-BOJOTICHHH pPEXHUM NpH
eKcIuTyaTtanii JaxiB ictopuuHux OynaiBens // 30ipHHK
HAayKOBMX  mpamb. [amy3eBe  MammHOOYZyBaHHS.
byniBaunreo. 2022. Ne 2(57). C. 47-52. DOL:
https://doi.org/10.26906/znp.2021.57.2584.

5. KOpin, O., Marac, H., 3uryn, A., Mycienko, O.

ACTeKTH  pO3paxyHKy  OIOpy  IapONpPOHHKHEHHIO
Hapoi30JIALil Oropo/KYBATEHUX KOHCTPYKIH // 30ipHUK
HAayKOBUX  mpaip. laidy3eBe  MalIMHOOYIyBaHHS.
BynmiBaumro. 2020. Ne 2(55). C. 96-101. DOI:

https://doi.org/10.26906/znp.2020.55.2350

6.Mopoz O. B. Amnam3 eHeproeeKTHBHOCTI
rpomazcekoi Oymimi. Keamidikamiiitna po6ota. [Tonrasa.
2023. C. 42-48.

7. ABH B.2.6-31:2021. TeroBa i3omsmist OyzAiBeib Ta

eneproedexTuBHicTh OyaiBensb. [Uuni Big 2022- 09-01].
Kuie : MiHicTepcTBO pO3BUTKY IpOMaj Ta TEpUTOPii
VYkpainu, 2022. 27 c.
8. Richter, J. et al. Moisture-safe cold attics in humid
climates of Europe and North America // Energies. 2020.
Vol. 13, no. 15. P. 3856. DOLI:
https://doi.org/10.3390/en13153856.

9. Liu, Y., Considine, B., McNabola, A. Assessment of
hygrothermal performance and mould growth risk in roofs

1. Maref, W., Lackey, J., Van Reenen, D. & Kumaran, K.
Assessment of hygrothermal performance and mould growth
risk in ventilated attics // Building and Environment. 2024.
Vol. 253. P. 111089.

2 Sokolenko V., Holodnov O., Sokolenko K., Filatiev M.
Conditions and factors of negative consequences of

reconstruction — thermal modernization of buildings.
Academic Journal Industrial Machine Building Civil
Engineering. 2020. No. 1(54). P. 87-92. DOLIL

https://doi.org/10.26906/znp.2020.54.2278.

3. Yurin O., Zyhun A., Klepko A., Qiniso M. Determination
of optimal variant for insulation of the attic floor of the
educational building. Academic Journal Industrial Machine
Building Civil Engineering. 2021. No. 1(56). P. 43-52. DOI:
https://doi.org/10.26906/znp.2021.56.2506.

4. Semko O., Filonenko O., Hasenko L., Mahas N., Rudenko
V. Temperature-humidity regime in the operation of the roofs
of historic buildings. Academic Journal Industrial Machine
Building Civil Engineering. 2022. No. 2(57). P. 47-52. DOI:
https://doi.org/10.26906/znp.2021.57.2584.

5. Yurin O., Mahas N., Zyhun A., Musiienko O. Aspects of
calculation of resistance vapor penetration of enclosing
structures. Academic Journal Industrial Machine Building
Civil Engineering. 2020. No. 2(55). P. 96-101. DOI:
https://doi.org/10.26906/znp.2020.55.2350.

6. Moroz O. V. Analysis of energy efficiency of a public
building. Qualification work. Poltava, 2023. P. 42-48

7. DBN V.2.6-31:2021. Thermal insulation of buildings and
energy efficiency of buildings [Effective from 2022-09-01].
Kyiv Ministry for Communities and Territories
Development of Ukraine, 2022. 27 p.

8. Richter, J. et al. Moisture-safe cold attics in humid
climates of Europe and North America // Energies. 2020.
Vol. 13, no. 15. P. 3856. DOLI:
https://doi.org/10.3390/en13153856.

9. Liu, Y., Considine, B., McNabola, A. Assessment of
hygrothermal performance and mould growth risk in roofs of

48 ISSN: 2518-1106(online)

Academic journal. Industrial Machine Building, Civil Engineering. — 1 (62)' 2024


https://doi.org/10.26906/znp.2020.54.2278
https://doi.org/10.26906/znp.2020.54.2278
https://doi.org/10.26906/znp.2021.56.2506
https://doi.org/10.26906/znp.2021.56.2506
https://doi.org/10.26906/znp.2021.57.2584
https://doi.org/10.26906/znp.2021.57.2584
https://doi.org/10.26906/znp.2020.55.2350
https://doi.org/10.26906/znp.2020.55.2350
https://doi.org/10.3390/en13153856
https://doi.org/10.3390/en13153856

of post-retrofitted non-dormer and dormer attic rooms with
reduced ventilation // Building and Environment. 2024. P.
111172. DOIL:
https://doi.org/10.1016/j.buildenv.2024.111172.

10. Ingebretsen, S. B. et al. Microclimate and mould
growth potential of air cavities in ventilated wooden fagade
and roof systems — case studies from Norway // Buildings.
2022. Vol. 12, mno. 10. P. 1739. DOL
https://doi.org/10.3390/buildings12101739.

11. Valovirta, I. et al. Hygrothermal performance of
ventilated attics: a field study in cold climate // Building
and  Environment. 2024. P. 112114.  DOL:
https://doi.org/10.1016/j.buildenv.2024.112114.

12. Ge, H., Wang, R., Baril, D. Field measurements of
hygrothermal performance of attics in extreme cold
climates // Building and Environment. 2018. Vol. 134. P.
114-130. DOI:
https://doi.org/10.1016/j.buildenv.2018.02.032.

13. ®iminens, M. b., bepyn, A. A., Cimakina, H. M.;
Hayk. kep. @inonenko, O. [. [ocmimkeHHA TeIUIO-
BOJIOTICHOTO PEXUMY XOJIOJHUX TOPHUIL Ha 00’ €KTi, SIKHHA
eKCIUTyaTyeTbess // MononikHa Hayka: I1HHOBallii Ta

I00aNBHI BUKIMKH: 30. Te3 MDKHApP. HAYK.-TIPAKT. KOH.
CTyACHTIB, acmipaHTiB 1 Monoaux yuenux (Ilonrama,
2024). Ionrasa: Ham. yu-T iM. 0. Konpgparioka, 2024. C.
405-407.

14. ®inonenko, O. 1., Cimakina, H. M. JlocmimkeHHs
TEIUIO-BOJIOTICHOTO peXXUMY XoJIogHuX ropuul // Te3u 76-
i Hayk. KoH(]. mpodecopiB, BHKIAIadiB, HAYKOBIIB,
acmipaHTiB 1 cryneHtiB yHiBepcurtery (Ilomrasa, 14-23
tpaBHs 2024 p.). T. 1. IlonraBa: Ham. yH-T im. IO.
Konppartroka, 2024. C. 181-183.

15. Hansen, T., Moller, E., Peuhkuri, R. Towards
moisture safe ventilated cold attics — monitored conditions
in a full-scale test building / E3S Web of Conferences.
2020. Vol. 172. P. 23003. DOI:
https://doi.org/10.1051/e3sconf/20201722300.

16. Jensen, N. F. et al. Hygrothermal assessment of
north-facing, cold attic spaces under the eaves with varying
structural roof scenarios // Journal of Building Physics.
2019. Vol. 44, no. 1. P. 3-36. DOIL
https://doi.org/10.1177/1744259119891753.

17. Holovatyi, V. D. et al. The analysis of heat
engineering parameters of building’s thermal protection //
Bulletin of Prydniprovs’ka State Academy of Civil
Engineering and Architecture. 2018. No. 1. P. 68-73. DOI:
https://doi.org/10.30838/j.bpsacea.2312.170118.60.41 .

post-retrofitted non-dormer and dormer attic rooms with
reduced ventilation // Building and Environment. 2024. P.
111172. DOI:
https://doi.org/10.1016/j.buildenv.2024.111172.

10. Ingebretsen, S. B. et al. Microclimate and mould growth
potential of air cavities in ventilated wooden facade and roof
systems — case studies from Norway // Buildings. 2022. Vol.
12, no. 10. P. 1739. DOI:
https://doi.org/10.3390/buildings12101739.

11. Valovirta, I. et al. Hygrothermal performance of
ventilated attics: a field study in cold climate / Building and
Environment. 2024. P. 112114. DOI:
https://doi.org/10.1016/j.buildenv.2024.112114.

12. Ge, H., Wang, R., Baril, D. Field measurements of
hygrothermal performance of attics in extreme cold climates
// Building and Environment. 2018. Vol. 134. P. 114-130.
DOLI:

https://doi.org/10.1016/j.buildenv.2018.02.032.

13. Filipets M. B., Berun D. A., Simakina N. M.; research
supervisor: Filonenko O. I. Study of thermal and humidity
regime of cold attics in an operating building. In: Youth
Science: Innovations and Global Challenges: Abstracts of the
International Scientific and Practical Conference of Students,
Postgraduates and Young Scientists (Poltava, 2024). Poltava:
National University named after Yuri Kondratyuk, 2024. P.
405-407.

14. Filonenko O. I., Simakina N. M. Study of thermal and
humidity regime of cold attics. In: Proceedings of the 76th
Scientific Conference of Professors, Lecturers, Researchers,
Postgraduates and Students of the University (Poltava, May
14-23, 2024). Vol. 1. Poltava: National University named
after Yuri Kondratyuk, 2024. P. 181-183.

15. Hansen, T., Moller, E., Peuhkuri, R. Towards moisture
safe ventilated cold attics — monitored conditions in a full-
scale test building / E3S Web of Conferences. 2020. Vol.
172. P. 23003. DOI:
https://doi.org/10.1051/e3sconf/20201722300.

16. Jensen, N. F. et al. Hygrothermal assessment of north-
facing, cold attic spaces under the eaves with varying
structural roof scenarios // Journal of Building Physics. 2019.
Vol. 44, no. 1. P. 3-36. DOI:
https://doi.org/10.1177/1744259119891753.

17. Holovatyi, V. D. et al. The analysis of heat engineering
parameters of building’s thermal protection // Bulletin of
Prydniprovs’ka State Academy of Civil Engineering and
Architecture.  2018. No. 1. P. 68-73. DOIL
https://doi.org/10.30838/j.bpsacea.2312.170118.60.41 .

18. Antypov, L. et al. Assessment of humidity regime of
enclosing structures with a ball of insulation on the
example of a training housing building in NULES of
Ukraine // Energy and Automation. 2021. No. 6(58). P. 97—
117. DOI:
https://doi.org/10.31548/energiya2021.06.097.

19. Krause, P., Pokorska-Silva, I., Kosobucki, %.
Determining moisture condition of external thermal
insulation composite system (ETICS) of an existing
building // Materials. 2025. Vol. 18, no. 3. P. 614. DOI:
https://doi.org/10.3390/mal8030614.

20. Rana, A. R. K., Brigham, G. Moisture drainage and
stand-offs impact on insulation wetting // Materials
Performance. 2020. Vol. 59, no. 8. P. 52-55. DOI:
https://doi.org/10.5006/mp2020_59 8-52.

18. Antypov, L. et al. Assessment of humidity regime of
enclosing structures with a ball of insulation on the
example of a training housing building in NULES of
Ukraine // Energy and Automation. 2021. No. 6(58). P. 97—
117. DOL:
https://doi.org/10.31548/energiya2021.06.097.

19. Krause, P., Pokorska-Silva, 1., Kosobucki, L.
Determining moisture condition of external
insulation composite system (ETICS) of an existing building
/' Materials. 2025. Vol. 18, no. 3. P. 614. DOI:
https://doi.org/10.3390/mal8030614.

20. Rana, A. R. K., Brigham, G. Moisture drainage and
stand-offs impact on insulation wetting // Materials
Performance. 2020. Vol. 59, no. 8. P. 52-55. DOI:
https://doi.org/10.5006/mp2020_59_8-52.

thermal

Academic journal. Industrial Machine Building, Civil Engineering. — 1 (62)' 2024

ISSN: 2409-9074(print) 49


https://doi.org/10.1016/j.buildenv.2024.111172
https://doi.org/10.1016/j.buildenv.2024.111172
https://doi.org/10.3390/buildings12101739
https://doi.org/10.3390/buildings12101739
https://doi.org/10.1016/j.buildenv.2024.112114
https://doi.org/10.1016/j.buildenv.2018.02.032
https://doi.org/10.1016/j.buildenv.2024.112114
https://doi.org/10.1016/j.buildenv.2018.02.032
https://doi.org/10.1051/e3sconf/20201722300
https://doi.org/10.1051/e3sconf/20201722300
https://doi.org/10.1177/1744259119891753
https://doi.org/10.1177/1744259119891753
https://doi.org/10.30838/j.bpsacea.2312.170118.60.41
https://doi.org/10.30838/j.bpsacea.2312.170118.60.41
https://doi.org/10.31548/energiya2021.06.097
https://doi.org/10.31548/energiya2021.06.097
https://doi.org/10.3390/ma18030614
https://doi.org/10.3390/ma18030614
https://doi.org/10.5006/mp2020_59_8-52
https://doi.org/10.5006/mp2020_59_8-52

®dinonenxo O.1.

Harmionansauit yHiBepcuret «IlontaBcpka nmonitexHika iMeHi Opis Konapatiokay
https://orcid.org/0000-0001-8571-9089

diginens M.B.
Harmionansauit yHiBepcuret «IlontaBcpka monitexHika iMeHi Opis Konapatiokay
https://orcid.org/0009-0004-3261-9649

Bepyn L. A.
Hamionansauit yHiBepcuret «IlontaBcpka monitexHika iMeHi IOpis Konapatiokay
https://orcid.org/0009-0002-4012-5169

JlocailzkeHHS TeNJI0OBOJOTiCHOTO PesKMMY XO0JIOAHMX IOPHIL
iHCTpyMEHTaJIbHUM METOA0M

CraOiIbHUHM TEMIOBOJIOTICHUI PEXUM y TOPHIIHOMY IPOCTOPI € 3alMopyKoro 30epeXeHHs KOHCTPYKTHBHHUX EJIEMEHTIB
MOKPIBIIi Ta BHYTPIIIHBOTO MIKPOKIIMAaTY HUTJIOBHX MpHMilieHb. OCOOMHMBY yBary miJ 4ac JOCTiHKEHHS MPUIIICHO aHANTI3Y
TEeMIIepaTypHUX KOJMBAaHb y 3MMOBHH Ta MEpeXiTHWI Mepiofn POKy, KOJM PH3UK YTBOPEHHS KOHAEHCATY € HAMBHIIVIM.
[HCTpYMEHTANBHI COCTEPEKeHHS! BUSBIJIM THIIOBI IIPOOJIEMH: HaMipHE 3BOJIOKEHHS IePEB’THUX €IEMEHTIB MEPEKPUTTS Ta
Jaxy, yTeIulioBada TrOpHIlia, HAaKOIIMYEHHST BOJIOTOCTI B TOPHITHOMY IpocTopi. [IpoBeneHo omiHKy edeKTHBHOCTI iCHYIOUMX
pilleHs Ta PO3pPOOJICHO NMPAaKTHYHI PEKOMEHAAIi 100 BJOCKOHAIEHHS BEHTWIALIHHOI CHCTEMH TOpUINA, 1 perjJaMeHTiB
CE30HHOTO MOHITOpUHTY. Pe3ynpraT MOKyTh OyTH KOPHCHHUMH IS MPOCKTYBAJbHUKIB, KCIUTyaTalllfHAX OpraHizamiil Ta
BJIACHUKIB ITPUBATHUX OYIMHKIB, [0 NPATHYTh MiJBUIIATH €HEProePEeKTUBHICTH 1 JOBrOBIYHICTh OYAiBEINb.

Ku11040Bi c/10Ba: TEIUIOBONOTICHUN PEXUM, XOJIOIHE TOPHUIIE, MIKPOKITIMAT, JIOTEP , BOIOTOMIp

*Anpeca s muctyBaHHA E-mail: ab.filonenko oi@nupp.edu.ua

50 ISSN: 2518-1106(online) Academic journal. Industrial Machine Building, Civil Engineering. — 1 (62)' 2024


https://orcid.org/0000-0001-8571-9089
https://orcid.org/0009-0004-3261-9649
https://orcid.org/0009-0002-4012-5169
mailto:ab.filonenko_oi@nupp.edu.ua

30ipHnk HaykoBHX npanb. [amyzeBe MammHoOy1yBaHHs, OyAiBHULITBO

Academic journal. Industrial Machine Building, Civil Engineering
http://journals.nupp.edu.ua/znp
https://doi.org/10.26906/znp.2024.62.3863

UDC 666.97.033.16

Oleksandr Orysenko
National University «Yuri Kondratyuk Poltava Polytechnic»
https://orcid.org/0000-0003-3103-0096

Oleksandr Sheka *
National University «Yuri Kondratyuk Poltava Polytechnicy
https://orcid.org/0009-0005-1328-1416

Investigation of the dependence of the amplitude of vertical vibration
displacements of the working element of a vibrating platform on its
inertial and stiffness parameters using a three-factor experiment

During preliminary experimental studies, it was established that the amplitude of vibration displacements of the moving frame
points of the vibration platform is most significantly influenced by such characteristics as the stiffness of vibration-isolating
supports, the distance from the centre of oscillation, and the mass of the moving part. These factors were selected as independent
factors in the research using a three-factor experiment. As a result of mathematical and statistical processing of the experimental
data, a second-order multiple regression equation was obtained. The calculated values of the variance at the zero point, the
variance of adequacy, and Fisher's criterion confirm the possibility of using the obtained equation to describe the studied
process. Based on the research results, three three-dimensional response surfaces were constructed, describing the dependence
of the amplitude of vibration displacements of selected points on the surface of the working body of the vibration platform on
two variable input factors at a fixed value of the third factor at the base level. The results obtained allow for optimal regulation
of vibration-isolating supports with variable stiffness, which, in turn, allows for improving the quality of concrete product

compaction.
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Introduction

Vibrating platforms with a load capacity of up to
300 kg, primarily used for volumetric or surface
compaction of concrete mixtures, are employed in the
manufacturing of small-sized and precast concrete
elements. Typically, they belong to the class of single-
mass vibrating machines operating in a harmonic,
super-resonant mode [1]. Their moving frames or plates
are mounted on resilient vibration-isolating supports
and set into oscillatory motion by external unbalanced
vibratory exciters.

The nature of oscillations in vibrating machines used
for concrete compaction largely depends on their
design features, the physical and mechanical properties
of the compacted medium, the synchronization
principles of the vibration exciters, and the presence of
additional loading [1].

The most common systems are vibrating platforms
with vertically directed oscillations, operating at forced
vibration frequencies ranging from 25 to 50 Hz, with
displacement amplitudes of the working element
between 0.3 and 0.6 mm [2—4]. It is also known that as
the mass of the compacted medium increases, the

amplitude of the forced oscillations of the working
element decreases.

Determining the amplitude of the forced vertical
displacements of the working elements of vibrating
platforms used in the production of small concrete
elements, depending on their oscillating mass and the
stiffness of the vibration isolation supports, requires a
series of tests to build a reliable mathematical model of
the process.

Analysis of Recent Research and Publications

Scientific literature provides numerous examples of
the use of multifactorial experiments for investigating
various technological processes. For instance, in [6], a
two-factor experimental design is discussed, where
peak impact acceleration and cement consumption are
the main influencing factors determining the strength of
lightweight aggregate concrete products.

Study [7] investigates the compaction modes of
lightweight concrete mixtures using an impact-
vibration setup based on the method of mathematical
experiment design. A three-factor experiment was used
to study the influence of structural parameters of the
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vibrating system on the strength of the formed concrete
products.

Identification of Unresolved Aspects of the
General Problem

Analysis of the available literature confirms the
relevance of research in the field of vibration
compaction of construction mixtures. Existing works
address the influence of vibration parameters on
concrete strength, compaction modes, and equipment
design features. It has been established that amplitude,
frequency, and oscillation type significantly affect
compaction quality and energy efficiency [8, 9].

However, issues related to the optimization of the
stiffness characteristics of vibration-isolating supports,
particularly under resonance conditions, remain
insufficiently explored. There is a need to develop
designs with adjustable parameters to adapt the
dynamic behavior of the system to changing operating
conditions.

The problem of systematically optimizing the
relationship between support stiffness, moving mass,
and the spatial position of the point relative to the
oscillation center—factors that determine the
amplitude of vertical vibration displacements—
remains unresolved. Addressing this issue requires
targeted experimental studies and the development of a
mathematical model capable of quantitatively
describing the effect of key parameters on the
efficiency of concrete mixture compaction.

Problem Statement

The aim of this article is to present the results of
determining the optimal stiffness of vibration-isolating
supports for a vibrating platform operating in a
harmonic super-resonant mode with a given oscillating
mass, using the method of mathematical experiment
planning.

Main Material and Results

The amplitude of forced oscillations of the vibrating
platform’s working element is influenced by various
external independent factors: frequency of forced
oscillations, mass of the working element, mass and
rheological characteristics of the concrete mixture,
stiffness of the vibration-isolating supports, static
moment of imbalance, excitation force, presence and
mass of additional loading, compaction time, and
others.

Based on preliminary tests, it was found that the most
significant factors affecting the amplitude of surface
point displacements of the vibrating platform’s
working element are: stiffness of the vibration support,
distance from the oscillation center, and mass of the
moving part of the platform. These factors are
controllable, independent, and measurable at three
levels.

To establish the functional relationship between the
amplitude of forced oscillations and the selected
factors, a three-factor experimental design was chosen
[10].

Ranges and variation intervals of these input
variables were determined based on the technical
specifications of the test equipment. Their numerical
values are presented in Table 1.

During the experiments, according to the chosen
design, each factor was varied at three levels—low
(-1), base (0), and high (+1). Experimental studies were
carried out following a standard experimental matrix
within the defined ranges of factor variation.

The numerical values of the amplitudes of forced
vertical vibrations were measured using a GM-63A
digital vibrometer at fifteen predefined points on the
surface of the vibrating plate.

Table 1 — Input factors, their levels and
variation intervals
Researched factors

. . Mass of the
Vibration . .
isolation Distance from | moving part
Levels of mount the center of of the
the studied stiffness oscillation vibrating
factors /. m platform
c¢,H/m ’
m kg
X, | x X, x| X X,
Top level | 200
- 000 +1 0 +1 | 220 +1
Main level | 400
X, 000 0 | 025375 | 0 164 0
Bottom
level 888 -1 0,5075 -1 108 -1
)(i min
Variation _
interval | 200 | 1 [-025375| 1 | 56 1
AX, 000

Since the input factors are heterogeneous, differing in
dimension and influence on the vibration amplitude,
they were converted into a unified computational
system by transforming actual values into coded ones.
The coding of input factors, which represents a linear
transformation of the factor space, was performed using
the formula (Eq. 1):

e 1)
AX,

i

where x; — coded value of the i-th factor;
X, —actual (natural) value of the i-th factor;
X,

o; — actual value of the i-th factor at the base
level,

AX; — variation interval of the i-th factor.

To obtain the functional relationship between the
amplitude of forced vibrations and the selected input
variables, a statistical analysis was carried out in the
form of multiple regression based on a second-order
central composite design.

As a result of the mathematical and statistical
processing of the data from the three-factor experiment,
a second-order regression equation was obtained. This
equation describes the dependence of the amplitude of
forced vertical displacements at the surface points of
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the vibrating plate on the selected input factors
expressed in coded form:

v, =0,220840+0,022x, +0,0401x, —0,019x, +
+0,047628x —0,023872x; —0,008872x; — 2
—0,000875x,x, +0,12125x,x, +0,013625x, x,

where y, — the response function representing the

amplitude of vertical vibrations at selected points on
the vibrating plate surface;
X,,X,,%, —input variables (factors) in coded form.

The accuracy of the measurements and the adequacy
of the obtained mathematical model were evaluated
using methods of mathematical statistics. Dispersion
estimates and the model’s adequacy were assessed
through statistical analysis. The results of the adequacy
check for the mathematical model of the experiment are
presented in Table 2.

Table 2 — The value of the Fisher criterion for
obtaining a mathematical model of the experiment

Evaluation Designation of Response
criteria the criterion function Y,
Zero-point S, 0,000024333
variance
Adegquacy S 2 0,000232354
variance
Calculated
Fisher exact F » 9,549
value
Fisher exact
critical value for
F
5% significance [ /’] 19,30
level

To determine the critical values of the influencing
factors (in coded form), first-order partial derivatives of
the regression (Eq. 2) with respect to the independent
variables x,,x,,x, were calculated and set to zero:

0,095256x, —0,000875x, +0,012125x, +0,022 =0,
-0,047744x, —0,000875x, +0,013625x, +0,0401=0; » (2)
-0,017744x, +0,012125x, +0,013625x, —0,0019 = 0.

The resulting system of linear algebraic equations
(Eq. 3) was solved using Cramer’s method [11]. Its
approximate solution (with an accuracy of up to 0.001)
is:

(X, %,,%,) ~ (=0,279;0,973;0,448)

By means of mathematical analysis, it can be shown
that the identified critical point of the response
function, approximated by a second-order polynomial
in three variables, is not an extremum.

To determine the optimal values of the influencing
factors on the amplitude of forced vibrations of the
vibrating platform, we decode the critical values from
coded to natural units:

X:=2,64-10° H/Mm = 1,08 Xos;
X>2=0,06166 m = 0,243 Xo2;
X3=104 xr = 1,08 Xo3;

By expressing the input factor values in their natural
scale, we obtain the response function (Eq. 3), which
describes the dependence of the amplitude of forced
vibrations on the investigated input variables:

y=0,44078—8,81-107 X, +0,19391X, —0,00029x
X, +1,19-1072 X7 —0,37068X7 +2,82-10° X7 — (4)
~1,72-10°° X, X, —1,08x10° X, X, —0,00096.X, X,

Thus, the influence of the selected input factors on
the amplitude of forced vibrations is nonlinear in
nature, which is explained by the existence of optimal
values of the influencing parameters—beyond which
the response function increases only insignificantly.

To visualize the experimental results, we construct
three-dimensional response surfaces. For this purpose,
in the mathematical model of the experiment (Eq. 4),
one of the factors is fixed at its base level, while the
other two vary within their respective measurement
ranges. The response surfaces, plotted in natural
coordinates of the input variables, are presented in
Fig. 1-3.

The surfaces were generated using the engineering
computational software PTC Mathcad Prime 10.

4 Amplitude, mm

0.334
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Figure 1 - Response surface of the amplitude of vertical
vibrations on stiffness and distance from the center of
vibrations with a fixed mass of the moving part

The signs of the response function coefficients for X,
and X, are negative, indicating a decrease in the

amplitude of forced vibrations with increasing stiffness
of the vibration isolation support and the mass of the
vibrating platform's moving part.

Analysis of Figures 1 and 2 confirms that as the
distance from the center of oscillation increases, the
amplitude of forced vibrations of the platform
consistently decreases.
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Figure 2 - Response surface of the amplitude of vertical vibrations from the mass of the moving part and the distance
from the center of vibrations at a fixed stiffness of the vibration mounts
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Figure 3 - Response surface of the amplitude of vertical vibrations from the stiffness and mass of the moving part at
a fixed distance from the center of oscillations

In terms of comparative influence, the mass of the
moving part of the platform (varying in the range from
108 kg to 220 kg) has the least effect on the amplitude
of forced vibrations.

The factors X, and X, exert different influences on

the response function. At a fixed value of the moving
mass, the amplitude of vibrational displacements of the
surface points of the working body increases with the
stiffness of the vibration isolation support and
decreases with increasing distance from the oscillation
center.

Conclusions.

To investigate the amplitude of forced vibrational
displacements of the vibrating platform’s working
body, a three-factor experimental design was
developed and implemented. The primary independent
input factors were selected as the stiffness of the
vibration isolation support, the distance from the
oscillation center, and the mass of the moving part of
the vibrating platform.

As a result of statistical processing of the
experimental data, regression models describing the
relationship between the amplitude of forced
vibrational displacements and the main input factors
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were obtained. The most influential factors affecting
the amplitude of vibrational displacements of the
working body surface points were identified as the
stiffness of the vibration isolation support and the

distance from the oscillation center. To visualize the
nature of these effects, three-dimensional response
surfaces were constructed based on the obtained
mathematical model.

References

1. ITomo6en, 1. M., bukoscekuii, A. 1., & Kobacos, B. M.
(2014). TlepcriekTHBHI 3acO0M 3aXHCTy MpPAIiBHUKIB BiJI
IIKiuBo Aii BiOpamii Ta myMy Ha peHKOBOMY TPaHCIIOPTI.

Ipobremu oxoponu npayi 6 Yxpaini, (28), 39-46.
http://nbuv.gov.ua/UJRN/pop_2014 28 7
2. Massarsch, K. R. ~ (2002). Effects of vibratory

compaction. In International Conference on Vibratory Pile
Driving and Deep Soil Compaction, Louvain-la-Neuve,
Keynote Lecture (pp. 33—42).

3. Hazapenko, L. 1. (2007). Bibpayitini mawunu i npoyecu
6yoisenvroi indycmpii: Haguanvruil nocionux. KHYBA.

4. Hazapenko, L. 1., & Tymanceka, O. B. (2004). Mawunu i
YCMAamKy8aHHs NIONpuemMcme 0y0igenbHUX —Mamepiania:
Koucmpykyii ma ocnosu excnayamayii. Buia mkona.

5. Wang, S., Zhang, Y., Zhao, Z., Zhang, C., & Shen, J.
(2020). Design, experiment, and improvement of a quasi-
zero-stiffness vibration isolation system. Applied Sciences,
10(7), 2273.

https:/www.mdpi.com/2076-3417/10/7/2273/pdf

6. Kimitao#t, B. B. (2015). AHani3 BUKOpUCTAaHHSA aKTHBHUX
BiOpO3aXHMCHUX CHUCTEM 3 KEPOBAaHOK KBa3iHYJIHOBOIO
KOPCTKICTIO. Enepeosbepesicenns. Enepeemuxa.
Enepeoayoum, (2), 66-71.

http://nbuv.gov.ua/UJRN/ecee 2015 2 10

7. Juradin, S., Baloevi¢, G., & Harapin, A. (2014). Impact
of vibrations on the final characteristics of normal and self-
compacting concrete. Materials Research, 17, 178-185.

https://www.scielo.br/j/mt/a/y43BkJCSKFTRpJMJbtn Ww

1. Podobed, 1. M., Bykovskyi, A. 1., & Kobasov, V. M.
(2014). Prospective protective equipment for workers
against harmful vibration and noise effects in rail transport.
Problems of Occupational Safety in Ukraine, 28, 39-46.
http://nbuv.gov.ua/UJRN/pop_2014 28 7

2. Massarsch, K. R. (2002). Effects of vibratory
compaction. In Proceedings of the International
Conference on Vibratory Pile Driving and Deep Soil
Compaction (Keynote Lecture, pp. 33-42). Louvain-la-
Neuve.

3. Nazarenko, 1. 1. (2007). Vibration machines and
processes of the construction industry: A textbook. Kyiv:
KNUCA.

4. Nazarenko, I. 1., & Tumanska, O. V. (2004). Machines
and equipment of building materials enterprises: Structures
and basics of operation. Kyiv: Vyshcha Shkola.

5. Wang, S., Zhang, Y., Zhao, Z., Zhang, C., & Shen, J.
(2020). Design, experiment, and improvement of a quasi-
zero-stiffness vibration isolation system. Applied Sciences,
10(7), 2273.

https:/www.mdpi.com/2076-3417/10/7/2273/pdf

6. Klitnoy, V. V. (2015). Analysis of the use of active
vibration protection systems with controllable quasi-zero
stiftness [Article]. Energy Saving. Power Engineering.
Energy Audit, (2), 66-71.
http://nbuv.gov.ua/UJRN/ecee 2015 2 10

7. Juradin, S., Baloevié, G., & Harapin, A. (2014). Impact
of vibrations on the final characteristics of normal and self-
compacting concrete. Materials Research, 17, 178-185.
https://www.scielo.br/j/mr/a/y43BkJC8KFTRpJMJbtn Ww

pJ/?format=pdf&lang=en

8. ®emomix, H. B., JIsx, M. M., & Muxaiinis, B. B. (2020).
AHami3 YMHHHKIB, [0 BIUIMBAIOTh Ha TPAEKTOPII0 PYXY
CUTOTIOJIOTHA BiOpocuTa. Po3sioka ma po3pobka Hapmosux i
2a306uUx poodosuwy, 3(76), 61-70.
https://doi.org/10.31471/1993-9973-2020-3(76)-61-70

9. Hecrepenko, M. II., CKIISIpeHKO, T.O., &
Mamuacekuit, C. M. (2009). Hocmimkeras PYXy
BiOpPOIIIOMIAAKHY 13 HWTIHAPUYHIMHU Ta KOHIYHUMH OTIOPaMH.
Lanyseee mawunobyodyeanns, 6yoignuymeo, (23)(2), 56—62.
http:/nbuv.gov.ua/UJRN/Znpgmb 2009 23(2) 11

10. JIax, M. M., ®enomsixk, H. B., & Bakantok, B. M. (2015).
JocmipkeHHsT  BIUIMBY —KOJNMBAJBbHUX pPYXiB CITKM Ha
eheKTHBHICTh pobOTH BiOpocuTa. Po3zgioka ma po3pobra
Hagmosux i 2azosux  pooosuly, 4), 3642,
http:/nbuv.gov.ua/UJRN/rrngr 2015 4 6

11. Cisro, B. 1., & Kyzsmirens, M. II. (2012). Ouinka
BILTUBY pPOOOYOr0 CepeloBHINa Ha PEXAMH KOIHBaHb
BiOpamiiftHux MamuH. Teopis i npakmuka 6yodisnuymea, (10),
3-5. http://nbuv.gov.ua/UIRN/Tipb_2012 10_2

12. Hectepenko, M. I1., Bocko6iitauk, O. I1., & I1aBneHko,
A. M. (2017). Po3pobnenHs mNpyXHHX OIOp BiOpariiHUX
IJIOIAI0K /Ut (opMyBaHHsS 3ai300€TOHHUX BHPOOIB.
Academic Journal: Industrial Machine Building, Civil
Engineering, 1(43), 238-243.

https:/nbuv.gov.ua/UJRN/ecee 2015 2 10

13. I'ypun, B. A., Bocrtpikos, B. I1., & Ky3emuu, JI. B.
(2019). Ocnosu NpoOMUCTIOBUX MexHon02il i
mamepianoznascmea: Hasuanovnuii nocionux. HYBI'TL.

14. Heuwaes, B. II., ta in. (2005). Teopis nnanysanms
excnepumenmy: Haguanvhuti nociOHux 0is cmyoenmie suujux
HasuanbHux 3axaadie. Konmop.

pJ/Hormat=pdf&lang=en

8. Fedolyak, N. V., Liakh, M. M., & Mykhailiv, V. V.
(2020). Analysis of factors influencing the trajectory of
screen cloth movement in a vibrating screen. Prospecting
and Development of Oil and Gas Fields, 3(76), 61-70.
https://doi.org/10.31471/1993-9973-2020-3(76)-61-70

9. Nesterenko, M. P., Sklyarenko, T. O., & Malynskyi, S.
M. (2009). Study of the movement of a vibrating platform
with cylindrical and conical supports. Sectoral Mechanical
Engineering, Construction, 23(2), 56-62.
http://nbuv.gov.ua/UJRN/Znpgmb 2009 23(2) 11

10. Liakh, M. M., Fedolyak, N. V., & Vakaliuk, V. M.
(2015). Study of the influence of oscillatory motions of the
mesh on the efficiency of a vibrating screen. Prospecting
and Development of Oil and Gas Fields, (4), 36—42.
http:/nbuv.gov.ua/UJRN/rrngr 2015 4 6

11. Sivko, V. Y., & Kuzminets, M. P. (2012). Assessment
of the influence of the working environment on vibration
machine modes. Theory and Practice of Construction, (10),
3-5. http://nbuv.gov.ua/UJIRN/Tipb_2012 10_2

12. Nesterenko, M. P., Voskobiinyk, O. P., & Pavlenko,
A. M. (2017). Development of elastic supports for vibrating
platforms for the formation of reinforced concrete products.
Academic Journal: Industrial Machine Building, Civil
Engineering, 1(43), 238-243.

https:/nbuv.gov.ua/UJRN/ecee 2015 2 10

13. Huryn, V. A., Vostrikov, V. P., & Kuzmych, L. V.
(2019). Fundamentals of industrial technologies and
materials science [Textbook]. Rivne: NUWEE.

14. Nechaiev, V. P., [ra in]. (2005). Theory of
experimental design: A textbook for higher education
students. Kyiv: Kondor.

Academic journal. Industrial Machine Building, Civil Engineering. — 1 (62)' 2024

ISSN: 2409-9074(print) 55


http://nbuv.gov.ua/UJRN/pop_2014_28_7
http://nbuv.gov.ua/UJRN/pop_2014_28_7
https://www.mdpi.com/2076-3417/10/7/2273/pdf
https://www.mdpi.com/2076-3417/10/7/2273/pdf
http://nbuv.gov.ua/UJRN/ecee_2015_2_10
http://nbuv.gov.ua/UJRN/ecee_2015_2_10
https://www.scielo.br/j/mr/a/y43BkJC8KFTRpJMJbtnWwpJ/?format=pdf&lang=en
https://www.scielo.br/j/mr/a/y43BkJC8KFTRpJMJbtnWwpJ/?format=pdf&lang=en
https://www.scielo.br/j/mr/a/y43BkJC8KFTRpJMJbtnWwpJ/?format=pdf&lang=en
https://www.scielo.br/j/mr/a/y43BkJC8KFTRpJMJbtnWwpJ/?format=pdf&lang=en
https://doi.org/10.31471/1993-9973-2020-3(76)-61-70
https://doi.org/10.31471/1993-9973-2020-3(76)-61-70
http://nbuv.gov.ua/UJRN/Znpgmb_2009_23(2)__11
http://nbuv.gov.ua/UJRN/Znpgmb_2009_23(2)__11
http://nbuv.gov.ua/UJRN/rrngr_2015_4_6
http://nbuv.gov.ua/UJRN/rrngr_2015_4_6
http://nbuv.gov.ua/UJRN/Tipb_2012_10_2
http://nbuv.gov.ua/UJRN/Tipb_2012_10_2
https://nbuv.gov.ua/UJRN/ecee_2015_2_10
https://nbuv.gov.ua/UJRN/ecee_2015_2_10

Opucenko O.B.
Harmionansauit yHiBepcuret «IlonTaBcrka nomitextika imeri FOpis Konnpatrokay»
https://orcid.org/0000-0003-3103-0096

eka O.IT *
Hamionansauit yHiBepcuret «IlonTaBcrka nomitextika imeri FOpis Konnpatrokay»
https://orcid.org/0009-0005-1328-1416

JlocaigkeHHsI 3aJ1€5KHOCTI aMILIITYIM BePTUKAJIBLHUX BiOponepeMinieHb
po0040ro oprany BiOpomIomaaKu Bij ii iHepUiliHUX Ta JKOPCTKICHUX
napaMeTpiB 3a 10MOMOro TpuGaKkTOPHOTro eKCIIePUMEHTY

Ilin yac mpoBeaeHHs MPOOHUX EKCIICPUMEHTAIBHUX AOCTIKEHb OyJI0O BCTAaHOBJIEHO, IO HA aMIUIITYAy BiOpomepeMilleHb
TOYOK PyXOMOi paMH BiOpOIIIOIAAKK HACyTTEBILINIA BIIMB CTBOPIOIOTH TaKi 11 MapaMeTpH, K )KOPCTKICTh BIOPOI30IALIIITHUX
oTIop, BiZICTaHb BiJ IIEHTpa KOJIMBaHb Ta Maca pyxomoi dactuHH. CaMe Il YMHHHKH OynH oOpaHi sIK He3alexHi (akTopn
MPOBE/ICHH] JOCTI/PKEHB 3a JOIIOMOT0I0 TpHpakTopHOTo ekcriepuMenTy. Cepen 3a3HaueHNX (haKTOpiB OCOOIMBY yBary Ciix
HPUIUTITH )KOPCTKOCTI BiOPOi30ISILIHUX ONOpP, OCKIIBKY IXHE 3aBIaHHS MOJITa€e y 3HWKCSHHI PIBHS IepeaBaHHs BiOpaiit
Bil poOoyoro opraHy Ha ONOpHi KOHCTpyKUii. EdexTnBHa i30ismis mo3BOIsiE 3amo0IrTH BHHUKHEHHIO HeOaXaHUX
PE30HAHCHUX KOJIMBAaHb, 3MCHIIINTH BTPATH €HEPTii, MiABUIINATH CTAOLIBHICTD BiOpaliifHOTO mpolecy Ta 3a0e3NeYnTH O1ThIIn
SKICHE YIIIIbHEHHA OCTOHHOI cyMimmi. [301miiiHi XapaKTepHCTHKH KOHCTPYKLIT BiOporutomaaku 0e3nocepeIHbO BIUIUBAIOT
Ha TOYHICTH Ipouecy GopMyBaHHA BHPOOIB, a TAKOK Ha 3MEHIIEHHS 3HOCY €JIEMEHTIB KOHCTPYKLii. Po3paxoBaHi 3Ha4eHHS
mucriepeii B HyJIBOBIH TOUILI, AUCHepcii anekBaTHOCTI Ta Kputepito dimepa miATBEpIKYIOTh MOXKIUBICTh BUKOPHCTaHHS
OTPHMAHOTO PIiBHSAHHA AJSI OMHCY IOCIHiIKyBaHOTO mporecy. Ha ocHOBI Mozeni moOyZOBaHO TpHU TPUBHMIPHI MOBEPXHi
BIATYKY, SIKi BiZOOpaXaroTh 3aJIeXHICTh aMIUITyIy BiOpolepeMilleHb BHOpPAaHMX TOYOK ITOBEpPXHI poOOYoro opraHa
BiOPOILIOIIAIKY BiJl 3MiHH JBOX HE3aIeKHHUX (aKTOpiB MpH (HiKCOBAaHOMY 3HAYECHHI TPETHOTO (haKTOpPy Ha OCHOBHOMY DiBHI.
I'paciune npencraBneHHs pe3ysIbTaTiB JO3BOJISE HAOYHO OLIHUTH BIUIMB KOXKHOTO ITapaMeTpa Ta BUOPAaTH ONTUMANbHI YMOBH
Uit poboTH Bibporiomanku. OTpuMaHi pe3yabTaTH Jal0Th 3MOTY 371HCHIOBATH ONITUMAJIbHI PEryJIIOBaHHS BiOPOI30OJIAIIHIX
oTop 31 3MIHHOK JKOPCTKICTIO, IO, B CBOIO YEpry, CIpHUSE MiABUIICHHIO €(EKTUBHOCTI YIIUIbHCHHS OETOHHHX BHPOOIB,
3HIDKCHHIO €HEPrOBUTPAT Ta MiIBUIIECHHIO TEXHOIOTIYHOI HAJAIHHOCTI 00IaJHAHHSI.

KuarouoBi cioBa: ammtityna BiOpomepeMimieHb, BiOpomiomaaka, BiOpamiiiHa oOmMOpa, XOPCTKICTh, TPUPAKTOPHHUHA
CKCIEPUMEHT
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Research on the prospects for obtaining iodine from carbohydrate
fields in Ukraine

The article describes that industrial waters are limited to deep parts of heavy hydraulic structures, mainly in zones of slow and
very slow water exchange. It has been established that the production of iodine from reservoir waters is profitable under the
condition that its concentration in the water is 18 mg/l. It is described that the concentration of iodine in formation waters of
the Poltava region is 15-115 mg/l. Based on the results of water sample analysis, it was determined that the waters of the
Andriyashiv gas condensate field have an iodine content of 15 mg/l or more. Water with an abnormally high iodine content of
up to 115 mg/l was found among the samples of the Chizhivka field, the Rudivka gas field, the Lyman, and the Reshetnyaky
oil and gas fields. It was determined that the specific gravity of the waters of the gas fields is usually low - from 1.071 to 1.085
g/cm3, and the water of the Reshetnyaky field is high - from 1.132 to 1.167 g/cm3. Formation waters of the following deposits
were studied: Mashivka; Chutove; Raspashnivka; Novoukrainske; Lanna; Western Khrestyshche; Chervonoyarske; Western
Starovirivske; Vedmedivka; Efremivka; Western Efremivske; Western Sosnivka; Kegichivka; Shebelinka from the intervals
from 2520 to 5560 m. It was found that the mineralization of formation water was from 33.0 to 337.01 g/kg, the iodine content
from 13.5 to 54.74 mg/l. It can be argued that the formation of groundwater with a high iodine content was significantly

influenced by the considerable thickness of the sedimentary strata and the corresponding thermobaric conditions.
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Introduction.

Iodine is of great importance for human life and
economic activity. Its global production is 15,000 to
20,000 tons per year. lodine is one of the components
traditionally —obtained from hydromineral raw
materials, including groundwater. It is widely used in
medicine and the food industry, in the production of
various chemicals. Its consumption and demand for it
in the world are constantly growing. World reserves of
iodine are estimated at approximately 15 million tons.
According to various data, the deficit in demand for
iodine is 900-1,500 tons per year. Prices for iodine on
the world market, depending on its purity and
characteristics, range from 16.0 to 30.0 dollars for 1 kg.
Ukraine has reserves of associated and formation
waters with industrial concentrations of valuable
components, which the domestic industry feels an
urgent need for [1].

The efficiency of toll water processing enterprises is
quite high, especially taking into account the
possibilities of their organization on the basis of oil, gas
and gas condensate deposits. All this necessitates the
development of new hydromineral resources, the
development of new technologies for obtaining
valuable components, in particular iodine, from
hydromineral raw materials.

Ukraine's annual need for iodine for table salt
iodization reaches 10 - 15 tons, the needs of the
medical industry - 20 tons, for other branches of
Ukraine's developed economy - 30 tons. The beginning
of the history of oil production in Poltava region was
the introduction of an oil well at the Radchenky field
into industrial operation in September 1951 year.
Commissioning was preceded by almost 20 years of
intensive search and reconnaissance work in the
eastern regions of Ukraine. Over the following years,
dozens of oil and gas deposits were explored and put
into operation in the region, including those that today
constitute the raw material base of the Poltavanaftogaz
oil and gas production management.

As a result of long-term exploitation, the oil deposits
were significantly watered. Therefore, the main
production volume is the associated formation waters.
They are valuable hydro-mineral raw materials, in
particular, they are characterized by industrial iodine
content. Today, such valuable raw materials are
irretrievably lost as a result of returning to the
corresponding geological horizons to maintain
reservoir pressure.
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Review of the research sources and publications.
Iodine in the underground waters of oil-bearing basins
was discovered as early as the second half of the 19th
century. Later, significant concentrations of iodine
were found in groundwater in almost all oil fields of
the world. There is no doubt that during the
decomposition of dispersed organic matter contained
in silts and sedimentary rocks, iodine is released from
them and passes first into the silt and then into
groundwater. [1].

According to O. Vinogradov, the accumulation of
iodine in the underground waters of oil fields is
connected with the history of oil formation. The
formation of groundwater with a high iodine content is
significantly influenced by the large thickness of
sedimentary strata and elevated and high temperatures
and pressures. According to the research of Y. M.
Svoren (2006), the lower temperature limit for the
release of iodine from the organo-mineral complex of
sedimentary rocks and its accumulation in groundwater
is 35-50 °C. However, the most intensive processes of
destruction of iodine-containing organic substances
occur at temperatures above 125-150 °C. [2].

The problem of extracting iodine from reservoir
waters is considered in the works of Azerbaijani,
American, and Japanese scientists [1, 3].

The results of the research highlight the main
methods and directions for the modernization of the
production of iodine, bromine and their compounds
from reservoir waters. lodine production in world
practice is carried out on the basis of the following raw
materials: formation waters, accompanying waters,
seaweed (China), water from the production of
saltpeter (Chile). According to regulatory documents,
technical iodine of the 1st and 2nd grades contains,
respectively: at least 99.0 and 97.5% of iodine; no more
than 0.010 and 0.015% of chlorine and bromine; 0.1
and 0.2% of organic substances; 0.05 and 0.15% of ash

[4].

Definition of unsolved aspects of the problem.

Today, there is no iodine production in Ukraine, and
its extraction from formation waters of oil and gas
fields of Ukraine is quite relevant.

Problem statement. The purpose of the research is
to analyze the results of reservoir water samples from
deposits of Ukraine since 2011.

Basic material and results. Industrial waters are
natural underground waters that contain useful
components in solution or their compounds in
quantities that ensure their profitable extraction and
processing. lodine, bromine, Glauber salt, and soda are
removed from industrial waters. Waters with high
concentrations of  boron, lithium, rubidium,
germanium, uranium, tungsten and other substances
are of industrial interest. In many countries of the
world, industrial groundwater is the main source of

iodine. More than 70% of bromine production is
provided by industrial waters.

Industrial waters are confined most often to deep
parts of heavy hydraulic structures, mainly in zones of
slow and very slow water exchange. Structurally and
tectonically, such systems correspond to syneclises and
depressions of ancient platforms, as well as foothill
depressions and intermountain depressions. Industrial
waters are found in rocks of the most different
geological age, composition and origin.

The depth of industrial waters varies widely from the
first tens of meters to 4-5 km or more, the most
common depths of their occurrence are 1000-3000 m.
They are also characterized by very high pressures. In
some areas, their piezometric levels in wells are set
close to the surface and even higher (they spill over to
the day surface).

Therefore, the existence of a genetic connection
between the accumulation of iodine in underground
waters and oil formation is not in doubt among
researchers. Geologists use the increased content of
iodine in groundwater and sedimentary layers of rocks
to predict prospects for oil and gas potential [1,5].

The concentration of iodine in the waters of oil fields
can vary widely. Reservoir water is under high pressure
and has a high solubility. Groundwater is rich in
various complexes of ionic, molecular and colloidal
impurities, often saturated with gases. The degree of
mineralization of groundwater usually depends on its
chemical composition. In brines of medium
concentration (100 - 150 g/l), sodium chloride most
often prevails. In the USA and Italy, in addition to
iodine and bromine, boric acid, tungsten, lithium,
germanium are obtained from underground reservoir
waters. A significant advantage of underground water
as a raw material source of rare elements is the low cost
of the product, because underground water is a
complete raw material, some of its geochemical types
have relatively high manufacturability, exploitation of
water deposits of rare elements does not require
significant capital investments. Therefore, in most
countries (the USA, Italy, Israel, Japan, New Zealand,
Iceland, Australia), technological research is
constantly and systematically conducted to develop
methods of extracting these elements from specific
geochemical types of natural waters.

Within Ukraine, the Volyn-Podilsky, Dnipro-
Donetsk, Black Sea artesian basins, fractured water
basins of the Ukrainian shield, Donetsk, Crimean and
Carpathian hydrogeological folded areas with small
intermountain artesian basins are distinguished.

In the greater part of the territory, the layers of
sedimentary deposits contain horizons of salty waters
and brines with mineralization of 3 - 83 g/l and more
and with the content of bromine and iodine ions from
20 mg/1 [6].

When comparing the mineralization of surface and
underground waters of the countries of the world (Fig.
1.), it was found that the highest mineralization was
found in the waters of the United States, about 430 g/1.
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Since mineralization depends on the chemical
composition, it is possible to extract a larger amount of
valuable raw materials from these waters.

The production of iodine from reservoir waters is
profitable under the condition that its concentration in
the water is 18 mg/l. In formation waters of the Poltava
region, the concentration of iodine reaches
15-115 mg/l. Based on the results of water analyzes
since 2011, a table of waters with high water content
(15 mg/l and more) has been compiled.
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Figure 1 — Mineralization of waters of surface and
underground sources [7].

Mineral iodine, bromine, and iodo-bromine waters
accompany gas, oil, and gas condensate deposits, so
they are most often brought to the surface by
exploratory and exploitation wells for hydrocarbon
minerals. But also beyond the boundaries of
hydrocarbon deposits in the territories of the Dnipro-
Donetsk, Black Sea, Lviv-Volyn depressions, the Pre-
Kapatsky and Transcarpathian depressions, the Crimea
and the folded region of the Carpathians, at depths of
hundreds and thousands of meters, wells can encounter
waters of increased mineralization, enriched in iodine
and bromine to the level of which provides
balneological conditions.

There is enough evidence of the distribution of
iodine-bromine waters in the North Black Sea and
Azov regions. In particular, in the area of the city of
Berdyansk, Zaporizhzhia region, water with a bromine
content of 38-138 mg/dm® and iodine content of
4-11 mg/dm?® with a sodium chloride composition and
mineralization of 11-60 g/dm® was found in Upper
Cretaceous sands. In Koblevo (Mykolaiv Oblast),
waters of the same composition were found in Miocene
sediments. Water mineralization is 24.4 g/dm?,
bromine content is 48.8—56.6 mg/dm3. Bromine waters
are widely distributed in the Azov region and are found
in the areas of Melekino and Sedove (Donetsk region).
In the Odesa region, bromine waters were found at a
depth of 550 m in Upper Paleogene sands. Water
mineralization is 23 g/dm3, the bromine content is
52 mg/dm?. Besides, sodium chloride waters with
mineralization of 90-105 g/dm® and bromine
concentration of 170 mg/dm3 and water temperature at
the outlet of 3545 2C were discovered near Odesa by
well No. 1-OT in Archaean—Proterozoic granites.

Crimea is very rich in mineral waters of this type,
where unique springs are known. Well No. 905 near the
city of Feodosia, which at a depth of 71 m in Lower
Paleogene limestones, discovered an aquifer of sodium
chloride waters with a mineralization of 7.8 g/dm?® and
an extremely high iodine content of 239 mg/dm?. and
bromine - only 57 mg/dm?. The waters of the Sarta-Su
spring, which flows from the Chokrat limestones near
Lenino, also have a significant bromine content. The
water of this source is poorly mineralized (3.2 g/dm?),
and the bromine content in it is 79 mg/dm?.

The most famous resort where iodine-bromine
mineral waters are used is Berdyansk (Zaporizhia
region).

According to the results of the water sample analysis,
it was determined that 6 water samples with an iodine
content of 15 mg/l or more were taken from the wells
of the Andriyashivka gas condensate field, 11 from the
Chizhivka gas field, 9 from the Rudivka gas field, and
15 from the Lyman gas field. 9 samples of water with
abnormally high iodine content - up to 115 mg/l were
taken from the Reshetnyaky oil and gas field.

The specific gravity of gas field waters is usually
low - from 1.071 to 1.085 g/cm?, and the water of the
Reshetnyaky field is high - from 1.132 to 1.167 g/cm?.

Also, iodine and bromine are products of a single
organic transformation process that takes place under
conditions of high temperatures and pressures. Further,
hydrocarbons and their accompanying deep chloride-
sodium solutions with iodine and bromine move along
zones of major tectonic disturbances to higher zones of
the earth's crust. At these depths, the lithological and
structural conditions are favorable for the formation of
accumulations of oil, gas and accompanying
iodobromine waters. The latter are localized in artesian
basins associated with large tectonic structures.

The formation of groundwater with a high iodine
content was significantly influenced by the
considerable thickness of the sedimentary strata and
the corresponding thermobaric conditions. It was
established that the lower temperature limit for the
release of iodine from the organo-mineral complex of
sedimentary rocks and its accumulation in
underground waters is 35-50°C. However, the most
intensive processes of destruction of iodine-containing
organic substances occur at temperatures above 125-
150 °C.

The water extracted simultaneously with the oil of the
NGDU "Poltavanaftogaz" is enough to extract
approximately 1 ton of iodine per year [8]. Therefore,
in the case of organizing production, it is necessary to
use conserved water wells with their appropriate
commissioning or drill new wells and develop aquifers
of deposits.

An example of such a field is the Reshetnyaky
mineralized water gas and oil field in the Novosanzhar
district of the Poltava region, which is characterized by
a high content of iodine and bromine in formation
waters (Table 1).
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Table 1 - Analyzes of water with high iodine content

No Date of selection Name of the field, Well number Iodine content,
samples wells mg/l

1 2 3 4 6

2 28.12.2011 Andriyashivka 55 21,15
3 13.05.2014 Andriyashivka 51 29,61
4 31.01.2011 Chizhivka 37 34,90
5 22.05.2013 Chizhivka 58 25,38
6 16.05.2011 Rudivka 17 57,11
7 08.07.2014 Rudivka 1 39,13
8 24.05.2013 Lyman 17 34,90
9 03.06.2014 Lyman 52 37,01
10 18.06.2014 Lyman 16 29,61
11 04.03.2013 Holubivka 103 30,67
12 16.07.2014 Chervonozavodske 5 72,97
13 18.05.2013 Reshetnyaky 55 101,52
14 18.05.2013 Reshetnyaky 55 112,10

According to preliminary data (unpressurized water
sampling, long-term storage of samples for analysis,
etc.), the iodine content in the field water ranges from
15 to 50 mg/l. With an average content (30 mg/l),
iodine reserves will amount to 7128 tons.

The highest concentrations of iodine and bromine are

catagenesis than in the neighboring Glynsko-Solokha
region. In addition to those listed, there are oil and gas
storage zones with one and a half structural control:
Shebelinska, Kopylivsko-Skhidno-Poltavska,
Mashivsko-Yelizavetivska, =~ Maryanivsko-Lanivska
and Yefremivska. Formation waters of the following

confined to chloride-sodium waters of increased deposits were studied: Mashivka; Chutove;
mineralization. Iodine-bromine mineral waters Raspashnivka; Novoukrainske; Lanna; Western
gravitate to the zones of large ruptured landslides, = Khrestyshche; Chervonoyarske; Western
which are channels for deep underground water. Starovirivske; Vedmedivka; Efremivka; Western

Reservoir water for research was sampled at fields of ~ Efremivske;  Western ~ Sosnivka;  Kegichivka;

the Mashiv-Shebelinka gas-bearing district [9-13]. It
belongs to the Eastern oil and gas region of Ukraine. It
is located on the continuation of Glynsko-Solokha, and
covers the most submerged part of the axial zone of the
Dnieper-Donets Trough. It is on the territory of this
district that such well-known deposits as Shebelinka,
Western Khrestyshche, Efremivka, etc. are located.
Industrial productivity has been established by
exploratory and exploratory drilling in Lower Permian
and Upper Carboniferous deposits. Most of the
deposits of the area, which are represented by massive
stratified deposits, sometimes limited by salt diapirs
and disjunctive disturbances, are confined to two long
structural zones, which are simultaneously gas
accumulation zones with double structural control —
Raspashnivsko-Melykhivska and Sosnivsko-
Belyaevska [10].

The development of a thick layer of rock salt deposits
of the Lower Permian age and active salt tectonics of
Devonian rock salt on the territory of the region led to
the formation of unique mushroom-like salt bodies.
Under their visors there are industrial accumulations of
natural gas in the above-mentioned two gas
accumulation zones. The main volume of explored
hydrocarbon reserves is located in sandy reservoirs, but
a part is concentrated in chemogenic cavernous layers
(mainly anhydrites) of the Lower Permian. The data
obtained during the drilling of the deepest wells
indicate a higher position of the upper limit of active

Shebelinka from the intervals from 2520 to 5560 m. It
was found that the mineralization of formation water
was from 33.0 to 337.01 g/kg, the iodine content from
13.5 to 54.74 mg/l.

After the analysis of formation water samples from
the fields, the highest iodine content was found at the
Kegichivka field - 54.74 mg/l, and the mineralization
of the formation water was 256.14 g/kg [9].

Conclusions. It is necessary to investigate a number
of promising deposits of reservoir waters containing
iodine for industrial extraction. Next, approve their
reserves at the level of the state commission on
reserves. The development of new deposits will
provide a full-scale approach to the comprehensive
development of iodine-bromide water reserves.
Further, it is necessary to take measures to expand the
production capacity of iodine production and obtain
various chemical products from it. Groundwater is a
valuable source because it contains not only iodine and
bromine, but also chlorides of sodium, calcium,
magnesium and other chemical elements. Their
effective use is largely determined at the current stage
by their availability on the market. Therefore, in
parallel with the restoration of wells and the increase
of production capacity, it is necessary to conduct work
on the study of the domestic and foreign markets of
iron bromide, ozokerite, technical carbon and other
commodity products of the chemical industry.
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Table 2 - Characteristics of reservoir waters of productive horizons

The name of the field Horizon index Mineralization, mg/1 IOdmfan(/)ln tent,
Mashivka G-13 68,17 10,55
A-2 307 13,7
Chutove A-5 299 36,1
A-6-8 333 42,0
Raspashnivka G-9-12 337,01 45,75
Novoukrainske A-3 263,2 48,09
Lanna; A-8 321,46 36,50
Western Khrestyshche G-11 315 25,1
K-1 313 24,7
Chervonoyarske G-13 289 15,25
Western Starovirivske G-10H 201,359 21,0
Vedmedivka G-10-G-13 3322 18.61
45,68
Efremivka A-6-8, 220
G-3-4 330 40,6
Western Efremivske G-8-13 260 13,5
270 26,2
Western Sosnivka A-T7-A-8 1783 13,55
318,2 46,55
Kegichivka A-6-7 256,14 54,74
Shebelinka A-5 33,0 36,0
318,9

1) use of available waters associated with oil
production;2) use of conserved and liquidated water

Therefore, the deep formation waters of the deposits
of Ukraine are a promising raw material for profitable

iodine extraction, which can be carried out in three
directions:

wells of oil deposits;
3) drilling new wells into aquifers.
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Jloc/iazKeHHsI ePCNIeKTHB BUJIYYEeHHs HOAY 3 POAOBHIIL
BYIJICBOJHIB YKpaiHH

ITpu 3Ha4HOMY 00BOHEHI HadTOBOT MPOIYKIIT TOJIOBHMUIT 00’ €M BUIOOYTKY CTAaHOBJISTH CYIYTHI IUIACTOBI BOJIH, SIKi € LIHHOTO
TiJpOMiHEpaIbHOI0 CHPOBHHOIO, 30KpeMa XapaKTepU3YIOThCS HMPOMHCIOBUM YMICTOM HOmy. 3HauHI KOHIEHTpauil Homy
3HAICHO y MiA3eMHUX BOJaxX Maibke B yciX HaTOBHX POJIOBHUIIAX CBiTY. [IpOMHCIIOBI BOAM NpHypOUEHi SK HaidacTie 10
IIMOOKHMX YaCTHH BOKKHUX TiIPABIIYHUX CTPYKTYD, IEPEBAKHO Y 30HAX CIIOBIJIBHEHOTO Ta Jy’KE€ CHOBUILHEHOTO BOIOOOMIHY.
VY CTPKTYypHO-TEKTOHIYHOMY BiJHOIICHHI TaKi CHCTEMH BiINOBITAalOTh CHHEKIII3aM Ta 3alaJiHaM CTapOJaBHIX IDIaTPOpM, a
TaKOX MePeNripChbKUM MPOTUHAM 1 MDKTIpChKUM 3amaguHaM. ONrcaHo iCHyBaHHS T€HETHYHOTO 3B 3Ky MK HAKOITUYEHHSM
oy B MiJ3eMHUX BoJax 1 HagToyTBOpeHH:IM. Ha OinbIiii yacTHHI TepUTOpIi CBITY B TOBIIII 0CAJOBHX BiIKIAJCHD MICTATHCS
TOPH30HTH COJIOHHX BOJ 1 pO3COJIiB 3 MiHepamizamieto 3 — 83 r/m i Ounplie Ta 3 BMICTOM i10HIB OpoMy, Hoxy Bix 20 mr/i.
BUSIBJICHO, 1110 HaiiOUIbIy MiHepaizaiito BusiBieHo y Bogax CIIIA 6mm3bko 430 /1. MiHepaiizariist 3aJIe)HTh BiJl XIMi4YHOTO
CKJIa[y, TO OLIBIIY KUTBKICTh IIIHHOT CHPOBMHH MOJIIBO BHJIyYUTH caMe 3 BHCOKOMiHepasi3oBaHHX BOA. BcraHoBieHo, mo
BUPOOHUIITBO HOAY 3 IUIACTOBMX BOJ pEHTabenbHE 3a yMOBH ioro KoHIeHTpauii y Boxi 18 Mr/in. ¥V miactoBux Bomax
IMTonTaBchKOTO perioHy KOHIEHTpallis Hoay carae 15 — 115 mr/n. 3a pe3ynbratamMu aHasi3iB mpoo BOM BCTAHOBJICHO, 10 BOAX
AHJPIAMIBCEKOTO FA30KOHIEHCATHOTO POIOBHUINA MAaIOTh yMicT Homy 15 mr/in i 6inbmre. Cepen mpo6 YrnkiBChKOTO pOJOBHIIA,
PyiBCbKOT0 ra30BOro po1oBHILa, JIMMaHChKOT0, PeleTHIKIBCHKOr0 HahTOra30BOro POAOBHIIA BUSBICHO BOAH 3 aHOMAJIBHO
BHUCOKHM yMicTOM Hoay — mo 115 mr/n. BeraHoBieHO, 1110 mHTOMA Bara BOJ| Ta30BHX POJIOBHIN 3a3BHYail HU3bKa — Bin 1,071
1o 1,085 r/cm?, a Box PemeTHsakiBcbkoro pogosuia Bucoka — Bia 1,132 mo 1,167 r/cM?. JIocmiayeHo MIacToOBi BOIM TAKHUX
pomoBumi:  MamriBeeke;  UytiBcbke;  PosmamHiBebke;  HoBoykpaiHcbke; JlaHHIBCbKe; — 3axifHO-XpeCTHUIIHHCHKE;
YeproHosipcbke; 3axinHo-CrapoBipiBebke; Benmeniscbke; €dpemiBebke; 3axinHo-€EdpemiBebke; 3axinHo-CocHIBChKE;
Kernuisceke; [llebenuuchke 3 iHTepBaiiB Bix 2520 1o 5560 m. BuseieHo, 1110 MiHepaizailis miacToBoi Boau ckiana Bix 33,0
—337,01 r/kr, B™mict Hoxy Binx 13,5 no 54,74 mr/n. Ha ¢popmyBaHHs TiI3eMHUX BOJ 3 BACOKUM YMICTOM i10/ly 3Ha4HO BILUTHHYJIN
3HaYHa MOTY)XHICTh OCAIOBUX TOBII Ta BIAMOBIAHI TepMoOapuyuHi ymoBHU. [liATBep/KEHO, 1110 HIDKHS TeMIIepaTypHa Mexa
BUJIJICHHS HOY 3 OpPraHO-MiHEPAIbHOTO KOMILJIEKCY OCaOBHX TIOPi[| i HAKOMUWYEHHS foro B MiJ3eMHHUX BOJaX CTAHOBHTbH 35
— 50°C. Ilpu opranizanii BUpOOHNIITBA TOTPIOHO BUKOPHCTOBYBATH 3aKOHCEPBOBAHI OOBOIHEHI CBEPATIOBHHH 3 BiAMOBITHIM
iXHIM yBEJICHHSIM B EKCIUTyaTallito abo OypUTH HOBi CBEPUIOBHHU 1 pO3POOIISTH BOJOHOCHI TOPH30HTH POIOBHIIL.
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The article identifies the problems of household waste recycling, summarizes the data on the planned waste management
infrastructure facilities, and substantiates the feasibility of building waste treatment facilities in Poltava region. The absence of
a recycling system (including a separate collection system) for household waste results in Ukraine losing millions of tons of
resource materials contained in waste that could potentially be put back into economic circulation. It has been established that
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Introduction

Over the past decade, Ukraine has been experiencing
a progressive accumulation of waste, and Poltava
region is no exception. Human activity produces
different types of waste: industrial, household,
agricultural, etc. Household waste is mixed and/or
separately collected waste from households, including
paper, cardboard, glass, plastic, wood, textile, metal,
packaging, bio-waste, electrical and electronic
equipment waste, battery and accumulator waste,
hazardous waste in household waste, bulky and repair
waste, as well as mixed and/or separately collected
waste from other sources if this waste is similar in
composition to household waste [1].

The amount of waste increases with the growth of the
settlement and the income of the population. Measures
taken to prevent waste generation are insufficient,
which threatens not only to deepen the environmental
crisis but also to aggravate the socio-economic
situation in general. Hence the need for further
improvement and development of the entire legal,

regulatory, methodological and economic waste
management system, taking into account domestic and
international experience.

Review of the research sources and publications

The absence of a recycling system (including a
separate collection system) for municipal waste
(hereinafter referred to as MSW) leads to the loss of
millions of tons of resource-rich materials contained in
waste that could potentially be put into economic
circulation in a processed or recycled form. The
development of separate waste collection and recycling
is an integral part of increasing the efficiency of natural
resources use and the transition to a sustainable green
economy [2]. The theoretical and practical aspects of
this issue are covered in the works of such domestic
and foreign scientists as O. Bent, S. Harichkov, 3.
Broide, I. Drozd, V. Kolomiiets, O. Hubanova, V.
Vynnychenko, I. Korinko, G. Dawson, E. Mykhailova,
G. Pancheva [3, 4]. Paying tribute to the achievements
of scientists, it should be emphasized that it is
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necessary to continue research on this issue, given the
need for immediate steps by Ukraine to implement
European standards in the relevant field.

Definition of unsolved aspects of the problem

The high level of waste generation and low rates of
its utilization as secondary raw materials have led to
the accumulation of significant amounts of solid waste
in Ukraine's industry and municipal sector every year,
of which only a small part is used as secondary material
resources, while the rest ends up in landfills.

The system of household waste management in
Poltava Oblast's settlements is reaching the level of an
environmental disaster. The absence of waste
processing plants, sorting lines or stations leads to the
accumulation of waste in open areas, burning, and
dumping into streams, rivers and open water bodies.

Government and public institutions are aware of the
problem of environmental pollution by waste in
settlements and are developing regulations, holding
public hearings, and implementing various campaigns.
However, this environmental problem is becoming
more and more significant due to the increase in waste
from year to year, and the public's awareness of waste
sorting does not change and remains at the level of «a
common waste collection container».

Problem statement

The purpose of this paper is to determine the
feasibility of using sorting lines in the territorial
communities of Poltava region as an element of
household waste management at the regional level.

Basic material and results

A significant increase in household waste in Ukraine
has led to an extremely tense environmental situation
in settlements. The National Waste Management
Strategy for Ukraine until 2030 was introduced to
address the problems of household waste and develop
effective mechanisms for its disposal. The strategy
defines the main directions of state regulation in the
field of waste management in the coming decades,
taking into account European approaches to waste
management, with considerable attention paid to waste
management at the local and regional levels [5].

According to [5], regional waste management plans
should cover all activities that fall within the powers of
local executive authorities in the field of waste
management and provide for:

- analyzing the current situation in the field of waste
management in the region, defining current and
strategic goals and necessary measures;

- selection of the optimal waste management system
(infrastructure for collection, separate collection,
transportation, treatment or disposal) and the practical
measures required for its implementation;

- determining the geographical boundaries of joint
service areas (territories) for which the plan has been
developed and which should jointly use the services of
a landfill or waste treatment facility;

- determining the obligations of various institutions
and organizations that will be involved in the

implementation of measures and actions, the amount of
costs and possible sources of funding.

According to V. Strutynska [6], the situation with
waste recycling in Ukraine is significantly different
from that in the European Union. In the EU, more than
60% of waste is recycled, with Sweden being the
leader, where 99% of waste is recycled and used as a
source of energy for heating homes and generating
electricity. Some countries, such as Germany,
Switzerland, and Austria, also have a high level of
waste recycling, where 97% of waste is recycled and
recycling companies use it as a source of energy, which
brings economic and environmental benefits [6]. This
saves billions of liters of oil products. In addition to
saving budget funds, such enterprises create jobs and
solve environmental problems. However, not all
European countries have a similar level of waste
recycling. For example, Italy, Bulgaria, Romania, and
the Baltic States [7] face problems in waste
management and have giant landfills, but not all waste
is recycled [8, 9]. Some of these countries even export
their waste to countries with high recycling rates [5].

The absence of a recycling system [10] (including a
separate collection system) for household waste leads
to the loss of millions of tons of resource materials
contained in waste that could potentially be put into
economic circulation every year. The development of
separate waste collection and recovery is an integral
part of increasing the efficiency of natural resource use
and the transition to a sustainable economy [5].

Sorting mixed household waste will allow for its
further reuse and recovery, reducing the load on
landfills.

Primary recovery (processing) is the second step after
sorting. Its essence is to radically reduce the volume
of waste disposal. These issues require active
government involvement to stimulate investment in
this area at the level of local communities, using
modern technologies. The third stage involves the use
of waste as secondary resources.

Household waste is consumer waste generated in the
course of human activity in residential buildings, social
and cultural institutions, public, educational, medical,
commercial and other facilities (food waste, waste
paper, glass, metals, plastics, polymeric materials,
etc.).

The peculiarity of municipal waste is that it is mixed,
ie. a mixture of components. The division of
household waste components into separate constituent
parts is called morphological composition. Mixing of
household waste occurs at the stage of its generation,
storage, transportation and disposal. This leads to the
formation of harmful chemical compounds that pollute
the air and groundwater.

Problems in the field of household waste
management need to be addressed urgently, provided
that measures are funded at the local and state levels.

The practical experience of household waste
management in European countries shows that it is
necessary to implement a comprehensive household
waste management system that ensures the use of
waste as a secondary raw material in accordance with
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environmental safety requirements. This will allow for
less waste disposal to landfills and landfills and the
development of waste treatment facilities using
secondary resources, involving them in production.

According to [11], the main waste management
infrastructure facilities that are focused on servicing
the entire territory within a cluster/subcluster
(subregion) are planned:

- regional landfills;

- sorting and processing complexes, which are based
on mechanical and biological waste processing
facilities or thermal neutralization facilities;

- sorting and transshipment stations or reloading
stations;

- sorting stations / lines are stationary or mobile [11].

The organization of a system for the separation and
separate collection of these wastes as part of household
waste is planned to be carried out at the expense of
[11]:

1) creation of specialized stationary collection points
for recyclables, hazardous waste from household
waste, and specific waste;

2) creation of communal points (bases or sites) for the
integrated acceptance of various types of waste from
the population;

3) organization of hazardous waste acceptance at
«mobile facilities/acceptance pointsy;

4) organizing containerized collection in specialized
labeled containers;

5) organizing centralized sorting of household waste
as an additional or main element of the separate
collection system (sorting stations/lines).

The choice of one or another option for organizing
separate collection of individual components of
household waste should be consistent with the chosen
scenario for waste treatment, the planned infrastructure
in a particular cluster.

The basis for organizing a system for the collection
and subsequent management of household waste
within each of the territorial communities and the
organization of separate collection of household waste
are indicators of material flows of these wastes [11,
Annexes 3.2.1 - 3.2.4].

Taking into account the results of studies of the
morphological composition of municipal waste
conducted in Poltava region in 2017-2023, as well as
the results of the export assessment of the
morphological composition of municipal waste by GIZ
project experts (2015-2016) [12], indicative strategic
indicators for the selection of individual resource-rich
components of municipal solid waste at the stage of
generators (primarily the population) were determined:

= the urban population selects about 14.5% of
recyclable components (plastic, glass, paper and
cardboard, metals) from the volume of these wastes
generated in municipal solid waste;

= the rural population selects about 14% of recyclable
components (plastic, glass, metals) from the volume of
these wastes generated as part of solid household
waste, in addition: about 90% of paper and cardboard
is used for incineration in individual energy
installations (stoves) and about 65% of organics is used

for home composting and other personal needs, which
is approximately 9-9.5% of the total volume of solid
household waste.

In order to reduce the volume of waste disposal at the
landfill, increase the life of the landfill, and ensure the
selection and reuse of resource-rich waste [13] (wood,
metal, paper, plastic, glass, etc.), it is advisable to use
sorting lines that will allow waste to be sorted
throughout the year.

After the sorting line, only the residual waste that
cannot be treated is sent to a municipal landfill.

According to the generalized data on planned waste
management infrastructure facilities [11, Table 3.5.2],
the feasibility of building 35 waste treatment facilities
in Poltava Oblast is substantiated, including: sorting
lines/stations — 13; sorting and reloading facilities — §;
reloading stations — 11; sorting and processing
complexes — 3.

Thus, the stage of sorting (separation) of household
waste is an integral part of integrated waste
management solutions and, accordingly, is a
mandatory stage before further application of waste
treatment technologies.

Thus, for the Poltava region, the need for sorting
stations with a capacity of 10,000 tons per year
(operating in two shifts) is 11 units, and for 50,000 tons
per year (operating in two shifts) — 2 units.

A significant advantage of the Poltava region is the
presence of a manufacturer of such facilities, Consort
[14], which creates equipment for production and
logistics  automation:  conveyors, lines  for
transportation, sorting, processing, etc.

Figure 1 — Mobile line for sorting household
waste [15]

Mobile sorting line - designed for manual sorting of
household waste with the separation of resource-
intensive components in household waste (ferrous and
non-ferrous metals, glass, polymer, wood and paper).
The main advantage of this line is that it is not tied to
the place of accumulation of household waste and can
be moved quickly and conveniently from place to
place. The mobile solid waste sorting line is equipped
on the basis of a cargo trailer with wheels for
transportation. Transportation is possible with a tractor
or a tractor with a rolling trolley. The trailer is equipped
in accordance with all ergonomic labor standards. The
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trailer is equipped with the following: windows, doors
and ventilation system, lighting, electrical panel with
control panel, sorting holes with fasteners for big-bag
bags, bactericidal lamps. The wuseful fraction is
collected in big bags. The line is powered by 380 volts
(panel or generator) [15].

For manual sorting with the separation of resource-
intensive components in municipal solid waste (ferrous
and non-ferrous metals, glass, polymer, wood and

paper).

Figure 2 — Line for sorting household waste up to
50,000 tons per year [16]

The solid waste sorting complex involves the
selection of valuable recyclable materials from garbage
and subsequent shipment to the final processing points.
Household waste is delivered to the receiving
department in a specially designated pit, in which there
is an L-type receiving conveyor, then the conveyor
delivers the waste to the drum separator (screen). After
the inlet conveyor, the garbage enters the screen, where
the fine fraction (organic matter, earth, etc.) is
separated. The screen is made of a mesh drum and has
a bag tearing system. Under the screen is a conveyor
designed to discharge the fine fraction into a special
container. From the screen, the selected raw material is
fed to the beneficiation room through an inclined
conveyor. In the room there is a sorting department with
an inspection (sorting) conveyor for manual sorting of
useful secondary raw materials [16]. An automatic iron
separator is installed at the end of the sorting conveyor,
which separates metal products into a container. Special
containers for collecting household waste are installed
under the room for selecting the useful fraction.

Figure 3 — Line for sorting household waste up to
10,000 tons per year [17]

The line is used at landfills or separately constructed
plants for shredding and sorting various waste
materials: household waste, mixed waste, construction
waste, organic and inorganic waste, waste paper and
polymers, for their further reuse and recovery.

The sorting complex for household waste involves the
selection of valuable recyclable materials from the
garbage, with subsequent shipment to the final
processing points. Household waste is delivered to the
receiving department, into a specially designated pit,
which contains an L-type receiving conveyor. Then the
raw material is shaken on the inspection (sorting)
conveyor for manual sorting of useful secondary raw
materials, goes through an inclined conveyor along the
inspection (sorting) conveyor for manual sorting of
useful secondary raw materials. Special containers for
collecting household waste are installed under the
inspection table [17].

The line is used at landfills or separately constructed
plants for shredding and sorting various waste
materials: household waste, mixed waste, construction
waste, organic and inorganic waste, waste paper and
polymers, for their further reuse and recycling.

Conclusions

The potential of using household waste as a
secondary raw material can become a powerful factor
in the development of a sustainable economy in
Ukraine, provided that the institutional, organizational,
and economic framework for its involvement in
production and consumption is formed. To achieve this
goal, it is necessary to ensure the adoption of
regulations aimed at implementing economic
instruments, in particular: stimulating the recovery of
household waste; full cost recovery by including all
costs associated with the provision of such services in
the household waste management tariff; introduction
of a mechanism for full financing of the waste
management system, taking into account the principles
of «polluter pays», «extended producer responsibility»
and «pay for what you throw away»; reforming the
system of holding tenders for the provision of
household waste removal services; improving the
procedure for setting tariffs for household waste
management services.

At the same time, local state administrations and
local self-government bodies should intensify their
activities in the following areas: developing and
approving local waste management plans, attracting
investments in the development of proper
infrastructure for separate collection, sorting and
recovery of household waste, creating specialized
municipal waste collection points and accepting certain
types of household waste, conducting an information
and awareness campaign, eveloping a system of
indicators to monitor the level of household waste
management at the local and regional levels.
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CopryBaJbHi JiHil IK eJIeMeHT YNPABJIiHHS MO0YTOBUMH BiIX0AaMH
HA perioHaJIbHOMY PiBHi

VY crarti BU3HAUeHO MpoOIeMH TepepoOsicHHs MOOYTOBHUX BiNXOJIB, y3aralbHCHO JaHi 100 3allJIaHOBAHUX 00’ E€KTIB
iHppacTpyKTypH YIIpaBIiHHS BifXoJaMmu, OOIPyHTOBaHA JOLUIBHICTH OyniBHMITBA Ha Teputopii ITonraBchkoi obuiacti
00’€ekTiB 00poOneHHs BiaxoniB. OCHOBHUMH MpobieMaMu y cepi NOBOLKEHHS 3 MOOYTOBUMH BiAXOJaMHU 3ATUIIAIOTHCS
3Ha4YHI 00CATH BiIXOJiB, IO YTBOPIOIOTHCA, IUIOIII CMITTE3BAIUIL 1 TOJIITOHIB, 3acTapili METOIU YIPAaBIiHHA y il cdepi,
BIZICYTHICThP MOXIIMBOCTEH Ta HeOaXaHHS COPTYBAaTHU BIIXOMAHW, BIACYTHICTb MOXIHMBOCTEH IS PO3AUIBHOTO 300py Ta
nepepoOKHu pi3HUX BUIIB BigxoiB. KibKicTh BiIX0AiB 301IBIIY€ETHCS 3 POCTOM HACETIEHOTO IMyHKTY Ta JOXOJ0M HACEJICHHSI.
BincyTHicTs cuctemu nepepo0iaeHHs (y TOMY YHCII CHCTEMH PO3ALTEHOTO 30MpaHHs) TOOYTOBUX BiAXOIB MPU3BOIUTH 10
BTpaTH YKpaIHOIO IOPOKY MiTBHOHIB TOHH PECYypCOLIHHUX MaTepialliB, 10 MICTATHCS y BiIX0/aX, sIKi IOTEHIIHHO MOXYTh
OyTH BBezieHI y rocnofapchbkuii o6ir. PO3BUTOK po3mibHOTO 30MpaHHS Ta BiJHOBJICHHS BIIXOJIB € BOKJIMBOIO YaCTHHOIO
HiBUIICHHS e(EeKTUBHOCTI BHKOPHCTaHHS INPHUPOTHHUX PECYPCiB i Mepexomy 0 cTanoi eKOHOMikW. BcraHoBieHO, 1o
COPTYBaHHS 3MiIlIaHUX TOOYTOBUX BiXOMIB JACTh MOXJIMBICTB IX MMOJAJIBIIOT0 BTOPHHHOTO BUKOPUCTAHHS Ta BiTHOBICHHS
3MEHIINTH PIBEHb HABAHTAXKECHHS HAa CMITTE3BANUINA MOOYTOBHX BimXoiB. 11 3MEHIICHHS 00’ €MiB BUIAJICHHS BIIXO/iB Ha
3BaNMI (TIOJITOHi), 30UIBIICHHS TEPMiHY EKCIUTyaTallii MOJiroHy, 3a0e3neueHHs Big0dopy Ta HOBTOPHOTO BUKOPUCTAHHS
pECYpCOLIIHHMX BiIXOMiB (IepEBUHH, METANy, allepy, IUIACTHKY Ta CKJIa TOILIO) AOUIIBHAM € 3aCTOCYBaHHS COPTYBaJIbHUX
JiHI}, 0 HaJacTh MOXKJIMBICTH COPTYBATH BIAXOIH BIIPOJOBXK POKY. BH3HaueHO, mo eTtam copTyBaHHS (BIIOKPEMIICHHS)
NoOYTOBHX BiJIXOMIB € HEBiJ €MHOIO CKJIAJOBOI0 KOMIUICKCHUX pillleHb B c(epi YIpaBiiHHSA BiAXOJaMH M BIANOBITHO €
000B’I3KOBHM €TaIlOM ITepe]l MOJaIbIINM 3aCTOCYBAaHHSIM TEXHOJIOTiH 00poOIICHHS BiTX0O/iB

Kurouosi ciroBa: moOyToBI BiZIX0/M, COPTYBaJIbHI JIiHIT, BTOPHHHA CHPOBHHA, TEPUTOPIalIbHI TPOMaIN
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Applied aspects of using the identified regularities of the joint behavior
of structural components in water-salt systems of cesium, strontium
and neodymum nitrates

! The carried out complex study gives a reliable idea of the trends in the joint behavior of structural components in water-salt
systems of nitrate precursors of neodymium, cesium, strontium in the preparatory stages of technological regulations for both
concentration and immobilization of liquid radioactive waste of the nuclear energy industrial complex '3’Cs, °Sr and thermal
activation. The stages of such transformations have been revealed; the patterns of complex and phase formation in systems and
the factors influencing them have been clarified. It has been studied a number of physicochemical properties of the resulting
intermediate phases (coordination neodymium nitrates: their composition, types of compounds, atomic crystal structure, shapes
of Ln coordination polyhedra, types of ligand coordination, features and patterns of behavior in heat treatment processes. It has
been established that, under the conditions of the existence of solutions, the system CsNO3 — Nd(NOs)3 — H20 is characterized
by the formation of 2 anionic complex compounds Ln**, the system Sr(NO3)2 — Nd(NO3)3 — H20 — is of the eutonic type. The
ongoing competing reactions are a powerful technological factor that has a significant impact on changes in the activity of
structural forms of Ln?*. Systematized information enables to elucidate the mechanisms and kinetics of transformations of
structural components in similar objects. Also, it enables to transfer the resulting system of knowledge to the promising
technological solutions for the solidification of liquid radioactive wastes.

Keywords: neodymium; cesium; strontium; nitrates; water-salt systems; complex formation; properties.
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Introduction
Develop knowledge about the interaction of structural
components in water-salt systems of nitrates of rare
earth elements and IA, IIA elements of the periodic
table in full concentration ratios and a wide range of
temperatures, phases formed in them, conditions of
their existence and properties; thermal transformations;

available information about the state and possible ways
of improving the technologies of formation of complex
oxide materials of transition elements, methods of
activation of processes, existing requirements for their
reproducibility and stability initiated this study and
open up new areas of their practical use in the creation
of framework materials for immobilization of liquid
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radioactive waste of the nuclear power industry
complex (porous and layered types), as well as in the
processes of modeling and experimental substantiation
of the possibility of using certain engineering forms of
sorbents and mineral-like technogenic phases-fixers of
radionuclides *’Cs, *°Sr.

Problem statement and solution methods

Due to the diversity of sources of origin, radioactive
waste has a wide variety of compositions and
physicochemical properties. The greatest danger to the
biosphere is represented by liquid high-level waste
containing radionuclides '*’Cs and *°Sr with high heat
release, often in combination with long-lived (T12>103
years) o-emitting actinides. High-level waste of
complex composition includes a number of categories
of liquid radioactive waste with a wide radioisotope and
chemical composition, such as emergency waste from
nuclear power plants, the lanthanide-actinide fraction
of high-level waste from processing in nuclear fuel
cycles, unfractionated high-level waste from temporary
storage tanks that contain rare earth and transuranium
metals, radionuclides of cesium and strontium,
transition metals, and often against the background of
high concentrations of salts and increased acidity.

The multicomponent composition of liquid high-level
waste and the joint presence in their composition of
transuranium elements and fission products with a high
content of '*’Cs and *°Sr complicate their further
processing, therefore, with the development of
extraction separation methods, further fractionation of
high-level waste is carried out with the separation of
different groups of radionuclides in accordance with
their chemical properties and half-life [1-7].

In his study, scientist Milyutin, V.V. et al.,
investigated the content of actinides and lanthanides in
the actinide-lanthanide fraction of high-level waste that
became waste after a 5-year soaking of spent nuclear
fuel, which shows that the bulk of this fraction is
represented by lanthanides, and the content of uranium
and transuranic elements is about 4% by weight of
lanthanides. The absolute majority among the
lanthanides is represented by elements of the cerium
subgroup (Ce-Sm), with the highest neodymium
content (36.5%). It should also be noted that, despite
the progress achieved in the fractionation of high-level
waste by extraction processing, the concentrate of rare
earth and transplutonium elements may contain several
percent of cesium and strontium radionuclides. This
available information has determined both object and
directions of the research.

The international strategy for the safe management of
all types of radioactive waste is waste minimization and
aims to reduce the amount of waste by concentrating
and retaining radionuclides within stable solid
materials. In this case, the most dangerous components
of high-level waste are supposed to be included in
mineral-like matrices with their subsequent safe multi-
barrier burial in stable geological formations of the
Earth's crust.

The international strategy for the safe management
of all types of radioactive waste is waste minimization

and aims to reduce the amount of waste by
concentrating and retaining radionuclides within
stable solid materials. In this case, the most dangerous
components of high-level waste are supposed to be
included in mineral-like matrices with their
subsequent safe multi-barrier burial in stable
geological formations of the Earth's crust.

One of the promising technological solutions for
solidifying liquid radioactive waste is the use of
inorganic sorbents, which, after being saturated with
radionuclides in the form of nitrate soluble structural
components, are actually precursors of the final form
of radioactive waste. Further structural rearrangement
of the precursor with the inclusion of radionuclides in
the target phases is carried out in the process of solid-
phase crystallization upon heating.

Today, the optimal strategy for the immobilization
of such waste within the framework of the sorption-
mineralogical approach may be the use of a sorbent,
the composition of which is focused on the extraction
of a wide range of elements and the formation of
polyphase ceramics based on compositions of phase
concentrators of alkali and alkaline earth elements
(*¥7Cs, *°Sr), on the one hand , and the lanthanide-
actinide fraction in combination with other metals, on
the other hand.

When choosing a matrix material for the
immobilization of actinides, one of the determining
properties is the radiation resistance of their crystal
structure to the effects of B-radiation.

The group of such radiation-stable phases — potential

matrix materials — includes REE framework
zirconomolybdates of the composition Ln,Zr,(MoO,),,
Ln — La + Tb, (for example, neodymium, see
Fig. 1) [8].

To implement the above projects for the development
and improvement of the above-described composite
sorption-active systems and technologies for the
purification and immobilization of high-salt radioactive
waste of complex composition based on them, it is
concerned data on the processes of chemical interaction
of structural components, phase formation in water-salt
systems of neodymium and cesium nitrates and
strontium in the range 25-100 °C, along with
properties of the phases they form.

Setting objectives

For a systematic study of cooperative processes in

the technological objects under consideration and to
determine the possibility to control them, it is necessary
to use a complex of physical and chemical methods:

a) to study the chemical interaction nature and
mechanisms, phase equilibria in model water-salt
systems CsNO; — Nd(NOs3); — H,O, Sr(NOs3), —
Nd(NO3); — H,O at a temperature 25 — 100°C;

b) to construct polythermal solubility diagrams of
systems; to determine both the concentration and
temperature limits of crystallization of the starting
substances and detected new phases;

¢) to find out the optimal growth conditions and to
carry out the synthesis of neodymium coordination
nitrates (as a representative of the natural series of rare
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Figure 1 - Frame structure Nd,Zr;(MoO,), (trigonal space group R3¢, Z=6), [13]

earth elements, where changes both in the composition
and structure of compounds occur with the highest
probability); to study their properties and confirm their
individuality;

d) to establish patterns of dependence of the number,
composition, properties of coordination nitrates formed
in the systems, on the nature of the Ln®*" complex-
forming ion, and conditions of formation.

The experimental methods

The solubility method and the technique described in
[9, 10] were used to clarify the nature of the chemical
behavior of structural components and phase equilibria
in the studied water-salt systems isothermally, in the
temperature range of existence of solutions in full
concentration ratios. Phase equilibrium was achieved
within 1-2 days. Hydrated and anhydrous nitrates of
the indicated grade elements were used as the starting
reagents «pro analys».

Chemical analysis of liquid and solid phases and
“residues” was carried out for the content of Nd3*, Sr**
ions. The Ln** content was determined
trilonometrically;  Sr**  was  determined by
complexometric titration of the substituent in the
filtrate, where Ln*" was expelled with ammonia buffer.
The experimental data obtained from the studied
systems for individual ions were listed for salt content,
summarized in Tables 1, 2 and, according to the
principle of correspondence, plotted on polythermal
solubility diagrams of the systems (Fig. 2, 3). Graphic
display of the composition of hard phases formed in

systems was carried out according to the
Schreinemaker’ method [9, 10]. Chemical analysis of
double nitrates isolated in single crystal form confirms
element mass ratio in the above formulas. Their
individuality was also confirmed by crystal optical, X-
ray diffraction, X-ray structural, thermographic, IR
spectrometric and other methods of analysis.
Crystal optical determinations of compounds were
performed by the immersion method using a MIMH-8
microscope. Phase analysis was performed on a
DRON-3M diffractometer (Cu K, radiation, Ni filter)
using the “powder” method. The diffraction patterns
were interpreted using the JCPDS PDF file.
Determination of symmetry, parameters of unit cells
and measurement of the intensity of diffraction
reflections from single crystals was carried out on an
automatic X-ray single-crystal diffractometer CAD -
4F "Enraf - Nonius" (Mo K,- radiation, graphite
monochromator; ® / 20 - method). To determine and
refine atomic structures, all calculations were carried
out using the crystallographic software packages
SHELX, XTL-SM, AREN. IR absorption spectra of
the synthesized compounds in the range 400 — 4000
cm-1 were recorded on a spectrophotometer UR-20,
using the standard method of suspension in petroleum
jelly. Thermograviometric analysis was carried out
on a Q1500 D derivatograph at temperatures from
293 K to 1273 K in the air with a heating rate of 10
degrees. / min and the developed device for DTA.
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Results and discussion

The experimental data of the features and patterns of
interaction of structural components, heterogenecous
equilibria (25-100 °C) in water-salt systems of
neodymium, cesium, and strontium nitrates have been
obtained. They are summarized in Tables 1, 2 and
generalized in the form of spatial polythermal solubility
diagrams (see Fig. .2, 3). On their basis, it has been
established the presence of chemical interaction
between the constituent elements in the research
objects; quantity, composition, nature of solubility,
temperature and concentration limits for the formation
of initial substances and new phases, and composition
of eutonic and transition points. The optimal conditions
for the formation have been determined and the
synthesis of cesium double neodymium nitrates has
been carried out. The growth forms of their crystals and
a number of their inherent properties have been studied.

The choice of the proposed tabular and diagrammatic
forms for presenting the results obtained is the most
visual, informative and useful in the development of
effective technological regulations for the solidification
of liquid radioactive waste. It enables to predict the
behavior of structural components, correctly select
modes, stages, methods of forming and obtaining target
products with given reproducible characteristics in
similar multicomponent production processes using
liquid nitrate precursors.

The studied cesium system under solution conditions
is characterized by the formation of 2 new coordination
nitrate compounds Nd3* Csz[Nd(NO;)s(H20)2] and
Cs[Nd(NO3)4(H20)3]. The concentration boundaries of
saturated solutions from which complex nitrates are

Gi — Gs — Cs2[Lan(NO:)=(H:0):]
H; — Hz — Cs[Lo(NO:)4(H:20):] S

Ww 7 am 50 00
Ln(NO:s):, % wt

Figure 2 - Solubility polytherm of system CsNO3z — Ln(NO3)3; — H20 ( Ln — Nd)

released correspond to the compositions of invariant
points of the corresponding solubility isotherms. The
strontium system is of the eutonic type; no new solid
phases have been found in it.

The obtained data obtained enable to identify phases
and make quantitative calculations in the processes of
evaporation and crystallization for similar objects. All
detected phases were synthesized in single crystalline
form (Fig. 4). Most of them have an isometric shape,
size 4 — 30 mm. Chemical analysis of the isolated
compounds confirms the mass ratio of the elements in
the proposed formulas. Clarification of the composition
of the synthesized compounds and their recording in
coordination form was carried out according to the data
of a comprehensive study using the above methods (see
Tables 3, 4) and by conducting a low-temperature X-
ray experiment in the process of studying their atomic-
crystalline structure.

Using X-ray diffraction analysis methods, the authors
studied the atomic structure of single crystals Nd**
CSz[Nd(NO3)5(H20)2], CS[Nd(NO3)4(H20)3] (see [16,
17]), types of coordination of ligands, shapes of
coordination polyhedra Ln, the possible variants of the
coordination environment of Nd atoms, the spatial
arrangement of polyhedra (Fig. 5) in the construction of
compounds with aqua-containing complex anions, and
the general crystallochemical regularities of the
structure of this type of compound were clarified.
(More detailed information and analysis of the
construction features of this class of compounds are
given in the above-mentioned original publications of
the authors).
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Table 1 - Data on the study of phase equilibria in the system CsNO3; — Nd(NO3); — H20 at 25-100°C

Saturated Saturated .
solution «Residue» solution «Re51d'u.e >
Composition, composition, wt.% Composition, comp Oimon’
wt.%
wt. % wt. %
o| 25 & | & S S =%l o |88 S| 8 | | & |=7%
SEEl g & | % < |SE L k5| 2| £ | 5| & |24
S O 2 O 2 o O -8 O 3 O 2 a
1 2 3 4 6 7 1 2 4 6 7
25 | 1 A1] 2096 0,00 99,64 0,00 K 65 1 As| 47,16 0,00 99,69 0,00 K
2 18,59 5,91 99,58 0,00 Same 2 | 40,50 16,72 98,77 0,71 Same
3 16,58 18,51 99,14 0,67 - 3 39,32 29,61 97,58 1,69 -|I-
4 17,95 30,07 97,84 1,43 |- 4 | 43,24 35,86 95,48 3,12 |-
5 | 20,67 35,68 97,76 1,60 |- 5 94,61 4,08 |-
6 | 23,92 41,17 96,90 2,34 |- 6 67,95 27,47 K+M
7 95,45 3,10 -[I- 7Bs 44,92 40,11 57,37 36,91 Same
8Bi| 31,82 43,88 60,03 34,62 K+M 8 51,89 42,34 M
9 51,08 42,15 M 9 | 42,61 41,13 50,96 43,23 Same
10 | 27,02 48,08 50,00 43,09 Same 10 | 37,02 47,33 49,67 42,39 |-
11 4992 43,16 |- 11 48,63 43,81 |-
12 C| 23,07 52,04 15,28 65,36 M+L 12 Eo| 32,11 50,75 42,12 49,50 M+O
13 2,67 72,66 L 13 34,64 56,10 0]
14 | 1247 55,04 1,98 72,79 Same 14 | 24,51 54,79 33,76 56,77 Same
15 | 6,00 57,67 1,60 72,88 |- 15 | 18,25 59,84 33,32 56,69 |-
16D:| 0,00 58,49 0,00 75,25 |- 16 30,92 57,81 |-
50 | 1Az 39,17 0,00 99,72 0,00 K 17F2| 11,99 66,26 15,77 66,42 O+L
2 | 34,72 9,93 98,63 0,57 Same 18 4,44 72,70 L
3 31,10 20,53 98,37 1,08 |- 19 | 6,25 68,91 1,86 73,23 Same
4 | 32,71 27,63 97,82 1,52 |- 20Ds| 0,00 71,58 0,00 75,26 |-
5 | 36,99 36,68 96,54 2,47 |- | 100 | 1A4]| 64,36 0,00 99,87 0,00 K
6 94,47 3,86 - 2 54,44 14,95 98,76 0,83 Same
7B2| 40,98 40,84 59,34 35,74 K+L 3 50,32 22,39 97,71 0,95 |-
8 50,90 43,03 L 4 | 49,51 33,23 96,69 2,16 |-
9 | 36,54 44,23 49,48 43,12 Same 5 | 49,05 36,69 94,72 3,86 |-
10 49,64 43,26 - 6 81,74 16,14 K+N
11 Ei| 30,94 50,38 39,06 52,20 M+0 7 B4 | 47,56 41,28 57,48 37,98 Same
12 33,64 56,35 (@) 8 52,89 41,93 -|I-
13 | 25,84 53,72 32,87 56,43 Same 9 | 41,62 46,07 50,34 43,30 N
14 | 17,52 59,98 32,86 56,97 -[I- 10 E3| 33,80 52,92 51,71 44,41 Same
15 F 17,54 64,69 O+L *K — CsNOs, L — Nd(NO3);-6H,0, M - 2CsNO;-Nd(NOs)5:
16 4,61 71,90 L -3H,0, N — 2CsNO;-Nd(NO3);-2H,0, O — CsNO5-Nd(NOs)5-
17 | 9,77 62,91 2,81 72,12 Same 3H,0
18D2| 0,00 66,16 0,00 75,28 -
SriNgJ2 \\
S 7
X
g . ! N6
[
- s

1O <

N
G0 [, &

NN, % wt
Figure 3 - Polytherm solubility of the system Sr(NO3)2 — Nd(NO3)3 — H20 at 25 — 65 °C
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Table 2 - Data on the study of phase equilibria in the system Sr(NO3): — Nd(NO3); — H20 at 25 — 65 °C

N Saturated solution . o 0 .
t.0C Comp_osmon Composition.wt, % Properties Composition ,,remainder”, wt, % Sohd*
pomts  7g NOs): | Nd(NOs)s | dx 10°xcn® | n Sr(NOs); Nd(NOgs | Phase
1 2 3 4 5 6 7 8 9
25 | 1A 44,60 0,00 1,539 1,4068 99,87 0,00 K
2 41,66 5,12 1,541 1,4084 99,32 0,00
3 30,71 17,66 1,547 1,4129 97,56 0,79
4 20,86 29,99 1,550 1,4164 95,87 1,52
5 12,58 41,84 1,569 1,4299 95,60 1,69
6 95,72 2,80
7L B 5,94 56,97 1,873 14548 | ) 5250 J 344 K+L
8 19,05 59,51
9 2,89 70,62
10 Cy 0,00 58,49 1,887 1,4551 0,00 75,25 L
50 | 1A 48,03 0,00 1,487 1,4055 99.91 0,00 K
2 39,75 10,75 1,544 1,4079 99,23 0,57
3 2935 20,28 1,589 1,4184 97,57 1,39
4 14,38 43,08 1,623 1,4298 96,45 1,87
5 94,90 3,40
6 = B 3,88 65,34 1,850 1,4691 13,73 64,75
7 7,26 9,76
8C 0,00 66,16 1,974 1,4667 0,00 75,28 L
65 | 1As 48,60 0,00 _ _ 99,92 0,00 K
2 33,85 13,40 _ _ 98,23 0,69
25,84 2391 _ _ 98,11 0,85
4 10,93 40,17 B _ 97,50 1,38
5 4,97 53,11 ~ _ 95,85 1,69
6~ 2,35 61,72 _ _ £ 95,30 218
7 94,89 223
8 ¢ Bs 252 | 6839 | _ | — 10,39 67,78 K+L
9 3,64 72,88
10 Cs 0,00 71,58 | _ | - = 0,00 7226 L

*K— SI‘(NO3)2, L- Nd(NO3)36H20

s[Nd(NOa)s(HzO)z]

Cs[Nd(NO3)4(H20)3]

Figure 4 - Microphotos of coordination nitrates crystals Nd

Features of the processes of complex formation and
crystal-chemical structure of cesium coordination
nitrates of neodymium indicate that:

- the structure of complex compounds is based on rare-
earth coordination polyhedra, one way or another
connected in space;

- processes of exchange interaction between structural
components (their binding) in the studied water-salt

systems occur already under normal conditions (at
25 °C, see Table 1, Fig. 2);

- the central atoms of the Nd complexing agent under
the studied conditions exhibit a mono- and bidentate
nature of the connection with nitrato groups having a
coordination number of 10 and the possibility of
coordination formations with different compositions
(INd(NO3)5(H20)2]2- i [Nd(NO3)4(H20)3]-) reveal
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Table 3 - Influence of the type of symmetry on the possibility of occurrence of physical properties in
crystals of coordination nitrates of rare earth elements

o [ (@] G ©n
2 % 5 'i”_)‘ 5 3 O;::“ ; ‘.?-:‘ §
Connections § & o0 5 5 9,8 g% 2
S E = & £c 8 = |2
% z g & EEE| 2% |
~ a e F
Cs2[Nd(NO3)s(H20)2] x .
monocl. | 2/m C2/c ] |J 25-100 incongr. [18]
Cs[Nd(NO3)4(H20 *
S[NA(NO3)4(F20)s] tricl. 1 P1 |J 50-65 incongr. [19]

Table 4 - X-ray data of cesium coordination neodymium nitrates

Cs2[Nd(NO3)s(H20)2] Cs[Nd(NO3)4(H20)3]
d, A /1o, % d A /1o, % d, A /1o, %

6,799 11,5 2,2191 11 6,667 80,8
5,9375 15,5 2,1923 28,5 5,4070 19,6
5,0980 55 2,1841 26 5,2727 36,5
4,8385 51,5 2,1681 16,5 4,4489 61,9
4.3708 49,5 2,0597 16 4,2467 29,2
42148 10 2,03162 23 4,1409 11,9
3,6775 100 1,84121 32,5 3,9241 8,8
3,4241 18,5 _ _ 3,7231 142
3,3334 60 — — 3,5700 13,1
3,2995 54,5 — — 3,4035 8,8
3,0639 27 — — 3,3384 49.6
2,9760 8,5 - — 3,2781 52,3
2,9024 36,5 — — 3,2314 13,5
2,8013 11,5 — — 2,7152 8,8
2,7427 23 — — 2,6727 100
2,7041 10,5 — — 2,5829 11,5
2,6573 41 — — 2,3528 16,5
2,6048 26 — — 2,2739 5,8
2,5758 17 — — 2,2307 9,6
2,5293 18,5 - - 2,1882 14,2
2,4149 16 — — 1,91250 28.8
2,4012 16 — — 1,62366 20,8
2,3671 22,5 — — 1,61946 10
2,3375 27,5 — — — —
2,2939 15 — — — —
2,2728 56,5 — — — —

Note: d, A - interplanar distances; I/1y,% - are relative intensities of reflexes

an identically organized coordination sphere, clearly
illustrating the dominant role of the Ln*" ion in the
structure formation of alkali rare earth nitrates.

- complex formations have the ability to preserve a
layered motif of spatial construction (see Fig. 5, [12])
from rows of alternating rows of Nd and Cs atoms
along the z axis. These rows are the ends of the layers
of the corresponding coordination polyhedra. The
planes of the layers are approximately perpendicular to
the plane of the drawing. It is possible to distinguish
packets consisting of four Nd — Cs — Cs — Nd layers,
within which coordination polyhedra are in contact
with each other due to common edges and hydrogen
bonds. Every fourth layer and the next one do not have
common vertices and edges, and the interaction of
packages in the structure is carried out through only
hydrogen bonds.

In the studied water-salt systems, the mechanism of
complex formation can be explained from the
standpoint of competing replacements of water
molecules in the immediate environment of Ln*" with
NOs— groups. The degree of completeness of
substitution depends on the nature of Ln’', the
influence on these processes of the disordering effect
on the structure of solutions of the existing singly and
doubly charged cations Cs*, Sr?', the nature of the
thermal movement of structural components, the
properties of electron-donating oxygen atoms and the
spatial structure of solvents. A significant influence of
the thermal factor on these processes and their staging
have been revealed. The presence of certain
temperatures at the beginning of the release of complex
compounds into the solid phase indicates the existence
of an energy barrier and the need to provide
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the system with some additional energy to carry out
such transformations.

=

T
¥
Y

Figure 5 - Projection of the Cs[Nd(NO3)4(H20)3]
structure onto the xy plane, [12]

All this makes the objects under study a promising
group of nitrate precursors when developing
formulations for liquid technological systems based on
them and implementing processing schemes with
impregnation, adsorption on radiation-resistant
substrates with the possibility of thermal activation and
solid-phase reactions. They have a complex of
technologically valuable inherent properties: a) high
solubility and compatibility with most components; b)
a fairly wide temperature range for the existence of
complex nitrates; c¢) detection of high activity by their
reacting particles obtained by thermolysis of the
solvent, and also nanosized and uniform in size and
morphology [13]; d) the availability of a wide range of
methods, methods, and technical means for activating
such processes. It should also be noted that at present,
combined methods of transformation with special
requirements and fast-flowing syntheses with
combined methods of system activation and mass
production are becoming more widespread [14, 15].
With the use of thermoanalytical, chemical, and X-ray
phase methods, an analysis of the nature and stages of
dehydration processes, the nature and temperature
intervals transformed into Csy[Nd(NO3)s(H20):],
Cs[Nd(NO3)4(H20)3] (20 — 1000 °C).

On the Csy[Nd(NO3)s(H20),] derivatogram, the
endoeffects of 95, 122, 156 °C correspond to the
stepwise process of dehydration. The decrease in mass
at 95 °C corresponds to the loss of one water molecule.
At 156°C, the incongruent melting of the sample in the
water of crystallization occurs, followed by the
formation of an anhydrous double salt, the melting
point of which is 236°C.

For Cs[Nd(NOs)4(H>0)s], the dehydration process is
also three-stage (endoeftfects 62, 90, 162 °C). The loss
of one water molecule according to the TG curve
corresponds to a temperature of 139 °C. An increase in
temperature to 162 °C entails incogruent melting of the
double nitrate dihydrate; subsequent heat treatment —
formation of CsNO3; Nd(NO3); from temperature 355
°C. The thermal decomposition products of both
coordination salts at t > 920 °C contain neodymium
oxide.

Conclusions

The conducted comprehensive study provides a reliable
idea of the trends in the general behavior of structural
components in water-salt systems of nitrate precursors
of neodymium, cesium, strontium in the preparatory
stages of technological regulations for the
concentration and immobilization of liquid radioactive
waste of the nuclear power industry complex according
to the schemes using porous and layered matrix fixators
of radionuclides '*’Cs, *°Sr and thermal activation. The
stages of such transformations have been revealed; the
patterns of complex and phase formation in systems
and the factors influencing them were clarified; a
number of physicochemical properties of the resulting
intermediate phases - coordination neodymium nitrates
- have been studied: their composition, types of
compounds, atomic crystal structure, shapes of Ln
coordination polyhedra, types of coordination of
ligands, features and patterns of behavior in heat
treatment processes. It has been established that, under
the conditions of the existence of solutions, the system
CsNO; — Nd(NO3);s — HyO is characterized by the
formation of 2 anionic complex compounds Ln3*, the
system Sr(NO3), — Nd(NOs); — H>O is of the eutonic
type. The ongoing competing reactions are a powerful
technological factor that has a significant impact on
changes in the activity of structural forms of Ln**.
Systematized information enables to elucidate the
mechanisms and kinetics of transformations of
structural components in similar objects and allows us
to transfer the resulting system of knowledge to the
plane of promising technological solutions for the
solidification of liquid radioactive waste.

References

1. Salvatores, M. Radioactive waste partitioning and
transmutation within advanced fuel cycles: Achievements
and challenges / M. Salvatores, G. Palmiotti // Prog. Part.
Nucl. Phys. —2011. - V. 66, No.l. — P. 144-166.

2. Zilberman, B.Ya. Dibutyl phosphoric acid and its acidic
zirconium salt as an extractant for the separation of
transplutonium elements and rare earths and for their
partitioning / B. Ya. Zilberman, Yu. S. Fedorov, O. V.

1. Salvatores, M. Radioactive waste partitioning and
transmutation within advanced fuel cycles: Achievements
and challenges / M. Salvatores, G. Palmiotti // Prog. Part.
Nucl. Phys. —2011. — V. 66, No.l. — P. 144-166.

2. Zilberman, B.Ya. Dibutyl phosphoric acid and its
acidic zirconium salt as an extractant for the separation of
transplutonium elements and rare earths and for their
partitioning / B. Ya. Zilberman, Yu. S. Fedorov, O. V.

76 ISSN: 2518-1106(online)

Academic journal. Industrial Machine Building, Civil Engineering. — 1 (62)' 2024



Schmidt [et al.] // J. Radioanal. Nucl. Ch. —2009. — V. 279,
No. 1. —P. 193-208.

3. Nishihara, K. Impact of partitioning and transmutation
on LWR high-level waste disposal / K. Nishihara, S.
Nakayama, Y. Morita [et al.] // J. Nucl. Sci. Technol. — 2008.
—V.45,No. 1.-P. 84-97.

4. Forsberg, C. W. Rethinking high-level waste disposal:
Separate disposal of high-heat radionuclides / C. W.
Forsberg // Nucl. Technol. —2000.—V. 131, No. 2. — P. 252—
268.

5. Del Cul, G. D. Citrate-based —talspeak|| actinide-
lanthanide process / G. D. Del Cul, L.M. Toth, W. D. Bond
[et al.] // Separ. Sci. Technol. — 1997. — V. 32, No. 1-4. — P.
431-446.

6. Mathur, J. M. Actinides partitioning — a review / J. M.
Mathur, M. S. Murali, K. L. Nash // Solvent Extr. Ion Exc. —
2001. - V. 19, No. 3. — P. 357-390.

7. Paiva, A. P. Recent advances on the chemistry of solvent
extraction applied to the reprocessing of spent nuclear fuels
and radioactive wastes / A. P. Paiva, P. Malik // J. Radioanal.
Nucl. Ch. —2004. — V. 261, No. 2. — P. 485-496.

8. Trachenko, K. Topical Review. Understanding
resistance to amorphization by radiation damage / K.
Trachenko // J. Phys.- Condens. Mat. — 2004. — V. 16. — P.
1491-1515.

9.AHocoB B.fl. OcHoBH di3uko-xiMiuHOTO aHamizy / B.S.
Amnocos, M 1. Ozeposa, 0.5 .®Diankos., 1976. — 503 c..

10. F'opomenko S . ®i3uko-ximMiuHMHA aHANI3
TOMOTEeHHUX 1 TeTeporeHHux cucreM / S.I'. ['opomenko. —
K.: HaykoBa nymka, 1978. — 490 c.

11. Birmopuuk A. P., ManuroBcekuii 0. A., [lprouko O.
p. OTtpuMaHHs Ta KpHUCTaJiuHa CTpyKTypa
Cs2[Nd(NO3)s(H20)2]. Kpucranorpadis. 1989. T. 34, Cr. 2.
3.292-296.

12. Birmopuuk O.I'., ManuroBcrkuit FO.A., Iproako O.I'.
OTpumaHHs Ta KpHUCTaJli9Ha CTpYKTypa
Cs[Nd(NO3)4(H20)3]. XKypnax crpykryproi ximii 1989. T.
30 Ne 5. C. 175-179.

13. Kudrenko E.O., Shmyt'’ko Y.M., Strukova H.K.
Structure of precursors of complex oxides of rare-earth
elements prepared by solvent thermolysis. Fyzyka tverdoho
tela. 2008, vol. 50, no. 5, pp. 924-930.

14. Varma A., Mukasyan A.S., Rogachev A.S. et al.
Solution =~ Combustion  Synthesis of  Nanoscale
Materials. American Chemical Society. Chem. Rev. 2016,
vol. 116, pp. 14493-14586.

15. Schaak R.E., Mallouk T.E. Perovskites by Design: A
Toolbox of Solid-State Reactions. Chemistry of Materials.

2002, vol. 14, no. 4, pp. 1455-1471.

Schmidt [et al.] // J. Radioanal. Nucl. Ch. —2009. - V. 279,
No. 1. - P. 193-208.

3. Nishihara, K. Impact of partitioning and transmutation
on LWR high-level waste disposal / K. Nishihara, S.
Nakayama, Y. Morita [et al.] // J. Nucl. Sci. Technol. —
2008.—V.45,No. 1. —P. 84-97.

4. Forsberg, C. W. Rethinking high-level waste disposal:
Separate disposal of high-heat radionuclides / C. W.
Forsberg // Nucl. Technol. — 2000. — V. 131, No. 2. —
P. 252-268.

5. Del Cul, G. D. Citrate-based —talspeak|| actinide-
lanthanide process / G. D. Del Cul, L.M. Toth, W. D. Bond
[et al.] // Separ. Sci. Technol. — 1997. — V. 32, No. 1-4. —
P. 431- 446.

6. Mathur, J. M. Actinides partitioning — a review / J. M.
Mathur, M. S. Murali, K. L. Nash // Solvent Extr. Ion Exc.
—2001. - V.19, No. 3. - P. 357-390.

7. Paiva, A. P. Recent advances on the chemistry of
solvent extraction applied to the reprocessing of spent
nuclear fuels and radioactive wastes / A. P. Paiva, P. Malik
//'J. Radioanal. Nucl. Ch. —2004. — V. 261, No. 2. — P. 485—
496.

8. Trachenko, K. Topical Review. Understanding
resistance to amorphization by radiation damage / K.
Trachenko // J. Phys.- Condens. Mat. —2004. — V. 16. — P.
1491-1515.

9. Anosov V.Ya. Basics of Physical and Chemical
Analysis / V.Ya. Anosov, M.I. Ozerova, Yu.Ya .Fialkov.,
1976. - 503 p.

10. Goroshchenko Ya. G. Physical and Chemical
Analysis of homogenous and heterogenous systems / Ya.
G. Goroshchenko. —K.: Naukova dumka, 1978. — 490 p.

11. Vigdorchik A.G., Malinovskij Ju.A., Drjuchko
A.G. Preparation and crystalline structure of
Cs2[Nd(NO3)s(H20)2]. Crystallography. 1989. vol. 34, no.
2. pp. 292-296.

12. Vigdorchik A.G., Malinovskij Ju.A., Drjuchko
A.G. Preparation and crystalline structure of
Cs[Nd(NO3)4(H20)3]. Journal of structural chemistry.
1989. vol. 30, no. 5. pp. 175-179.

13. Kudrenko E.O., Shmytko Y.M., Strukova H.K.
Structure of precursors of complex oxides of rare-earth
elements prepared by solvent thermolysis. Fyzyka
tverdoho tela. 2008, vol. 50, no. 5, pp. 924-930.

14. Varma A., Mukasyan A.S., Rogachev A.S. et al.
Solution = Combustion  Synthesis of  Nanoscale
Materials. American Chemical Society. Chem. Rev. 2016,
vol. 116, pp. 14493-14586.

15. Schaak R.E., Mallouk T.E. Perovskites by
Design: A Toolbox of Solid-State Reactions. Chemistry of

Materials. 2002, vol. 14, no. 4, pp. 1455-1471.

Academic journal. Industrial Machine Building, Civil Engineering. — 1 (62)' 2024

ISSN: 2409-9074(print) 77


https://pubs.acs.org/author/Schaak%2C+Raymond+E
https://pubs.acs.org/author/Mallouk%2C+Thomas+E
https://pubs.acs.org/author/Schaak%2C+Raymond+E
https://pubs.acs.org/author/Mallouk%2C+Thomas+E

HAprouxo O.I'.*
Hamionansauit yHiBepcuret «IlonTaBcrka nonitextika imeri FOpis Konnpatroka»
https://orcid.org/0000-0002-2157-0526

Bbynskina H.B.
Hanionansauii yHiBepcuteT «IlonraBcpka nomitexnika imeri FOpis Konnparioka»
https://orcid.org/0000-0003-4241-5127

Iedep O.B.
Hanionansauii yHiBepcuteT «IlonraBcpka momitexnika iMeni FOpist Konnparioka»
https://orcid.org/0000-0002-3415-349X

3axapuenxo P.B.
Hanionansauii yHiBepcuteT «IlonraBcpka nomitexnika imeHi FOpis Konnparioka»
https://orcid.org/0000-0002-4651-0159

Kucauna J.B.
Hanionansauii yHiBepcuteT «IlonraBceka nomitexnika iMeHi FOpis Konnparioka»
https://orcid.org/0009-0005-2007-4220

Mockanenko M.B.
Harionansuuit yHiBepcutet «IlonTaBchka monitexHika imeri FOpis Konnpatrokay
https://orcid.org/0000-0002-6135-5652

IIpukagHi acCeKTH BUKOPUCTAHHA BUSIBJECHUX 3aKOHOMIPHOCTEM
CYMIiCHOI IOBEiHKA CTPYKTYPHUX KOMIIOHEHTIB Y BOJHO-COJIbOBHX
CHCTEeMaX HITpPAaTiB 1e3il0, CTPOHLII0 | HeOAUMY

IIpoBeneHe KOMIUIEKCHE MOOCTIMKECHHS Ja€ JOCTOBIpHE YSABIEHHS NPO TEHACHLIi Yy CHUIBHIM MOBEIHII CTPYKTYPHHX
KOMIIOHEHTIB Y BOJHO-COJIbOBHX CHCT€MaX HITPAaTHHUX NPEKYypCOpiB HEOAMMY, IIE3if0, CTPOHIIIO y MiATOTOBYMX CTAIisIX
TEXHOJIOTIYHUX  pErjaMeHTiB KOHIEHTPYBaHHA ¥ iIMMoOOUTi3amii pigKUX pPagiOaKTHBHUX  BIiOXOIIB  SAEPHOTO
EHEPTONPOMUCIOBOTO KOMIUIEKCY 3a CXEMaMH 3 BHKOPUCTAHHSIM IIOPUCTUX 1 IDApyBaTHX MATpUYHHX (iKcaTopiB
pamionykmigis 37Cs, °°Sr i Temwiosor aktuBanicro. BuspieHo cTagiliHICTL TaKUX MEPETBOPEHD; 3’ICOBAHO 3aKOHOMipPHOCTI
KOMIUIEKCO- 1 (ha30yTBOPEHHsS B cHCTeMax Ta ()aKTOpPH BIUIMBY HA HHX; BUBUCHUH pPsJ (i3MKO-XIMIYHHX BIACTHBOCTEH
YTBOPIOBAaHHUX INPOMDKHUX (a3 — KOOpAMHALIMHUX HITpPaTiB HEOAWMY: IXHIH CKIaJ, BUAM CIOJIYK, aTOMHO-KPHUCTAJIIYHY
OynoBy, GOpMH KOOPIUHAIINHUX moienpiB Ln, THIM KoOpAMHALT JiraHIiB, OCOOIMBOCTI i 3aKOHOMIPHOCTI TIOBEIIHKH B
mporecax TepMooOpoOieHHs. BcTaHoBneHO, mo B yMoBax icHyBaHHS po3umHiB cuctemMa CsNO3; — Nd(NOs);s — H20
XapaKTEePU3yEeThCs yTBOPEHHAM 2 aHIOHHMX KOMILIEKCHHX crionyk Ln3*, cuctema Sr(NO3)2 — Nd(NO3)3 — H20 — eBToHiUHOTO
tuny. IlpoTikatodi KOHKYpYIOYi peakiii € CHIBHOMIIOYAM TEXHOJNOTIYHUM (PaKTOpPOM CYTTEBO BIUTMBAIOYNM HA 3MiHY
aKTUBHOCTi CTpykTypHux ¢(opM Ln’". CucreMaTH30BaHi BiZOMOCTI [03BONISIIOTH 3’SCOBYBATH MEXAHI3MH, KiHETHKY
MepPETBOPEHb CTPYKTYPHUX KOMIIOHEHTIB B QHAJIIOT1YHHUX 00’ €KTaX Ta AAI0Th MOXKJIMBICTh HEPEHECTH OJIEpIKaHy CUCTEMY 3HAaHb
y IUTOLIMHY MEPCIeKTHBHUX TEXHOJIOTIYHUX PillIeHb OTBEPAHEHHS PiAKUX Pali0aKTHBHUX BiIXOJIB.
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Technological equipment package for preparing polystyrene
concrete mixture

The study of the production process for polystyrene concrete mixture products is driven by the need to ensure high material
quality while meeting modern construction standards. To achieve this goal, an analytical method was used for reviewing
literature sources, along with a design-calculation approach in the development of a new type of equipment.

The main findings highlight the shortcomings of conventional concrete mixers, including extended mixing time, mixture non-
uniformity, and material sticking to working surfaces. A novel design of a gravity-compelled cascade-type concrete mixer is
proposed, featuring a horizontal ribbon-paddle shaft and a rotating drum. A key innovation is the ability to adjust the rotation
modes depending on the mixture composition and the presence of sand. A compact equipment package was developed,
comprising a mixer, fiber cutter, belt and screw feeders, all mounted on a single frame. The use of a belt feeder with
synchronized component feeding and an automated fiber cutter ensures even distribution of reinforcing elements within the
mixture. A methodology for determining the productivity of the unit has been developed, considering the mixer filling volume,
the geometric parameters of working elements, and mixing process characteristics. Formulas were derived for selecting key
parameters of the cutter and roller feed for the fiber bundle.The proposed equipment contributes to improved quality of
polystyrene concrete, reduced energy consumption, and shorter production time. Future research will focus on optimizing
operating modes of the equipment for different types of polystyrene concrete mixtures using fiber reinforcement.
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enhance thermal insulation properties. However, this
combination can result in structural inhomogeneity,
leading to unstable physical and mechanical properties.

Introduction
The analysis of issues in the production of
polystyrene concrete products requires consideration of

several aspects related to raw material properties, the
manufacturing  process, and compliance with
construction standards. The main challenges in
polystyrene concrete production often arise from the
difficulty in achieving optimal strength, thermal and
sound insulation characteristics, as well as meeting
environmental requirements.

Review of the research sources and publications
Polystyrene concrete consists of a cement-based
mixture and expanded polystyrene, which is added to

As noted in studies, the density and strength of
polystyrene concrete can vary significantly depending
on the quality of raw materials and the production
technology [1].

Polystyrene concrete is prone to shrinkage, which
may cause surface cracking in the final products. This
issue becomes particularly critical when the material
has high moisture content during curing. Some
researchers have suggested that shrinkage can be
reduced through the use of specialized additives [2].

Polystyrene concrete is characterized by high
hydrophobicity, but in the presence of microcracks,
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water may penetrate the material's pores. This reduces
its strength and durability, especially under fluctuating
moisture conditions. Studies have shown that water
resistance can be improved by adding specific
admixtures, though this increases production costs [3].

Ensuring consistent quality of polystyrene concrete
products is a complex task. In practice, it is crucial to
control not only the quality of polystyrene and cement
but also to maintain precise proportions of components,
as well as temperature and humidity conditions during
mixing and curing. Failure to adhere to technological
standards may compromise the mechanical
performance of the material [4].

The analysis of these issues suggests that while
polystyrene concrete has significant potential in
construction, its effective application depends on

overcoming technological, environmental, and
economic challenges.
International research on polystyrene concrete

actively addresses its thermal insulation properties,
strength, durability, and environmental impact.
Scientists from various countries focus on improving
production technology and applications of polystyrene
concrete, particularly in the context of reducing energy

consumption  and  enhancing  environmental
performance in construction.
Researchers from FEurope and the USA are

investigating ways to improve the thermal insulation
properties of polystyrene concrete without significantly
compromising its strength. For instance, studies by
Tiirker and Ali [5] in Turkey have shown that
optimizing the microstructure of polystyrene
concrete—particularly by adjusting the size of
polystyrene granules—can enhance thermal insulation
without reducing the load-bearing capacity of the
material.

Researchers in Germany and Japan are exploring
technologies involving special admixtures that improve
the hydrophobic properties of polystyrene concrete. In
an article by Schulz and Lee [6], it was reported that
using silicone-based admixtures and other water-
repellent agents reduced water absorption by 20—-30%,
positively affecting the material’s durability in high-
humidity environments.

Research in Italy, particularly by Ricci and D’ Angelo
[7], demonstrated that adding polypropylene fibers to
the polystyrene concrete mix enhances crack resistance
and mechanical stability. Fiber reinforcement reduces
the risk of microcrack formation and deformation,
especially in low-temperature conditions.

International studies highlight strong interest in
polystyrene concrete as a promising construction
material. However, for its effective application,
challenges related to environmental safety,
hydrophobicity, strength, and quality control must be
addressed. Therefore, the production of polystyrene
concrete requires continuous improvement to ensure
reliability and compliance with current environmental
and technical standards.

Definition of unsolved aspects of the problem

Analyzing the various types of mixers used for the
preparation of polystyrene concrete mixtures, it can be
concluded that the most common are gravity and
forced-action mixers (either single-shaft or twin-shaft).
In gravity mixers, the mixing process occurs through
the free-fall of the material. In forced-action mixers,
mixing is achieved using mechanical elements that
directly act on the components of the mixture. The
simplest type of equipment for preparing the mixture is
a gravity batch concrete mixer.

The company "Energy Efficient Concretes”
recommends using the Politherm-Machine MP1000 for
feeding and preparing polystyrene concrete [8]. Foam,
prepared in a dedicated unit called a foam generator, is
added to the cement-sand mixture. After thorough
mixing, the resulting cellular-structure mixture is ready
for molding into various construction products. The
hardening of foam concrete typically requires steam
curing in chambers under atmospheric pressure.

The MP1V3 unit is designed for the preparation and
pumping of high-quality monolithic polystyrene
concrete that contains no sand, with a density ranging
from 200 to 600 kg/m? [9].

Problem statement

Drawing on decades of accumulated experience, it is
necessary to develop equipment that integrates all the
essential features for producing high-quality
polystyrene concrete, with the capability to incorporate
reinforcing elements.

Basic material and results

When analyzing existing mixer designs used for the
preparation of polystyrene concrete mixtures, several
aspects must be taken into account:

o the complexity of the mixer's structural design;

e the uncertainty in achieving  mixture

homogeneity;

o the adhesion of the prepared mixture to the

mixer’s internal surfaces;

o the long time required for the mixing process.

Due to these shortcomings, it is proposed to use a
gravity-forced concrete mixer operating in cascade
mode for the preparation of such mixtures [10, 11, 12].
Existing designs of such mixers are typically intended
for low-mobility and stiff concrete mixtures.

The gravity-forced concrete mixer features a
cylindrical body with a horizontal shaft inside, onto
which blades are mounted helically. Both the mixer
body and the blade shaft rotate in opposite directions.
Depending on the composition of the mixture, if it
contains sand, the mixer body rotates; if the mixture is
sand-free, the body remains static while only the
ribbon-blade shaft rotates. The improved mixer design
meets the requirements for producing polystyrene
concrete mixtures reinforced with fiber elements.

The mixer is part of a compact equipment set, as
shown in Figure 1 [13].
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Figure 1 — Equipment set for the preparation of polystyrene concrete mixture:
1 — gravity-forced mixer; 2 — belt feeder drive; 3 — fiber cutter; 4 — belt feeder; 5 — component storage hopper;
6 — frame; 7 — screw feeder; 8 — screw feeder drive

The equipment set includes a base machine — a
forced-action mixer, a fiber cutter, a belt feeder for
component delivery, and a screw feeder for
transporting the prepared mixture. The entire system is
mounted on a single frame and operates in a
synchronized manner (depending on the mixer’s output
capacity), allowing for reduced time in feeding
components.

The operating process of the equipment set is as
follows: pre-measured mixture components are stored
in hopper 5 and delivered to the mixer’s loading port
(1) using belt feeder 4. Simultaneously, fiber strands
are cut by fiber cutter 3 and evenly distributed onto the
feeder belt 4 [14]. The ready polystyrene concrete mix
is discharged from mixer 1 into the intake hopper of
screw feeder 8, from where it is conveyed to the
forming station for product fabrication.

To ensure synchronized operation of the equipment
set, it is necessary to feed the material components
evenly and to cut the fibrous elements. All these stages
are interrelated and depend on the performance of the
main equipment — the concrete mixer.

To determine the main performance indicators of the
machine, a calculation method is proposed that takes
into account the machine's structural parameters and
the specifics of the working process:

Miecnmix = Viotar " Kz " Ze, m’/h 5
where:
Viotar — total volume of the mix in the mixer body,
m3:
K, =0,5; — volume filling coefficient of the mixer;
Z. = 3600/t, — number of cycles per hour;
(tp,=t; + t, + t3) — duration of one cycle
(including loading ti, mixing t>, and unloading ts), s.
3aransHui 06CAT CyMillli BA3HAYAETLCS K, M.
Viotar = Vbody — Vshatt — Vblade teg — Vblade —
Vscrew - Vsupports

where:
vV =1 1.R? -L .
body = 5T Rpogy.in * Lbody: —

: 3.
mixer body, m’;

volume of the

_1 2 . 3.
Vshaft = 5 * T * Tshatt * Lshate ; — shaft volume, m”;

_1 2 .
Vblade leg — 5" T Teg.in " Zleg * Cleg' — volume of

blade legs, m;
1
Vblade =3 Zblade * Dblade * ibtade * Chiade ; —blade

volume, m?;
_1 2 2 .
V;crew -3 - (Lscrew) : (Rscrew : rscrew) : Cscrew'

— screw volume, m>;
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_1 2 .
Vsupport -5 - Rsupport ' Csupport ' Zsupport'

volume of shaft supports, m>;
Ryoay.in - — inner radius of the mixer body, m;
Lpoay— body length, m;
Tshafe — Shaft radius, m;
Lghage — shaft length, m;
Tieg.in — inner radius of blade leg, m;
Zjegs Cleg — number of blade legs and thickness, m;
Zplade » Dblade » Mblade » Cblade — blade width, height,
number of blades and thickness, m;
Lecrew = +/S? + (- D,,)?; — developed length of
screw, m;
Rgcrews Tscrew. — outer and inner screw radius, m;
Csupport Zsupport — number and thickness of screw
supports, m.
The cutting machine's productivity can be determined
by two approaches [14]:
1. Based on the concrete mixer’s productivity:

Miech.cuer = Heechmix * Kmax.fibera
where:
2

Kinax fiver = %; — maximum volumetric
reinforcement coefficient;

dfiper — fiber diameter, m;

f — friction coefficient;

h = 0,8 - H — where H is the mixer height, m;

lf — length of the cut fibers, m.

2. Based on knife head design parameters:
47,1 ¢ Dhyundle’lf

I1 =
tech.cut.2 4-Zpp

5

where:

Ny — knife head rotation speed, rpm;

Dyunale — diameter of synthetic fiber bundle, m;

Z., — number of knives on the head.

From this, the required number of knives can be
derived:
7 — ntech.mix'Kmax.fiber

kh 188'4'nkh'Dl§undle'lf‘

3. Productivity based on feed rollers:

Miecn.cuts = 60 * Nyoier * T * Dropier * df ’ lfa
thus:

ntech.mix'Kmax.fiber
Nroller =

60-T-Droyier-dsly
where:
Dy o11er — roller diameter, m;

dy diameter of synthetic thread, m.

Therefore, depending on the mixer performance and
fiber geometry, the necessary rotation speed of the
knife head and feed rollers can be determined.

Based on these dependencies, a study was conducted
on the effect of fiber length on the strength of the test
samples. The results are shown in Figure 2.

25
o 20
C | T —
> 15
o
“= 10 —
5
5 10 15 20 25
lf, mm

a1 (1:3.5, ©=0.5%)
—3 (1:4, D=1%)

e\ (1:3, D=0%)

Figure 2 — Strength of test samples depending on the
length of fiber elements:
Y1 — Cement-to-sand ratio 1:3.5, fiber content F = 0.5%;
Y2 — Ratio 1:3, no fibers (F = 0%);
Y3 — Ratio 1:4, fiber content F = 1%.

The study showed that the addition of reinforcing
fibers improves the microstructure of the mixture,
reduces porosity, and enhances the strength of finished
products. The optimal fiber length is 6—12 mm.

Conclusions

The proposed set of compact equipment enables the
preparation of polystyrene concrete mix with the
addition of reinforcing fibers, which enhances the
strength of the final product. The equipment included
in the set operates asynchronously and allows for
adjustable output based on the characteristics of the
mixture and the requirements for the fibrous elements.

The addition of fibrous reinforcement to the
polystyrene concrete mix significantly improves its
mechanical properties and microstructure. Optimal
selection of the fiber type, length, and quantity allows
for achieving the desired material characteristics for
specific construction applications.

Would you like this paragraph polished further for
use in an academic publication or technical report?
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KommuiekT 001a1HAHHS 1JIS IPUTOTYBAHHS
MOJIiICTUPOJIOETOHHOI CyMilni

Jlocni/pKeHHsT TPOoIleCy BUPOOHUIITBA BUPOOIB i3 MONICTHPOIOETOHHOI CyMilli 00yMOBJICHE HEOOXiqHICTIO 3a0e3MeueHHs
BHCOKOT SIKOCTI MaTepiaiy 3a YMOB JOTPHMaHHs CydacHHUX OyIiBeIbHHUX CTaHAAPTIB. sl TOCSATHEHHS ITOCTaBIeHOT MeTH 0yJI0
3aCTOCOBAHO AHANITUYHUHA METOJ| aHAJi3y JITEpaTypHUX JDKEped, a TaKoX KOHCTPYKTHBHO-PO3PAaXyHKOBUH MiAXim mpH
po3poOmi HoOBoro Tumy oOnamHaHHSA. OCHOBHI pe3yJbTaTH JOCHIIDKCHHS BKa3ylOTh Ha HEHONIKM TpagulifHUX
0ETOHO3MIITYBayiB, 110 MPOSIBIIIOTHECS Y TPUBAJIOMY Yaci MPUTOTYBAaHHA CyMillli, il HEOAHOPIAHOCTI Ta HATKUIIAHHI MaTepiary
Ha poboui moBepxHi. 3ampONOHOBAaHO KOHCTPYKIIIO OETOHO3MIlIyBada IpaBiTalliifHO-IPUMYCOBOI Aii KAaCKaIHOTO PEXUMY
pPOOOTH 3 TOPH30HTAIBHUM CTPIYKOBO-JOMATEBHM BaloOM 1 00epToBUM KopmycoM. OCOOMMBICTIO € MOXKIMUBICTh 3MiHIOBAaTH
peXUMH 00epTaHH 3aJISKHO Bijl CKJIAly CyMIllli Ta HassBHOCTI MicKy. CTBOpEHO MajorabapuTHHI KOMIUIEKT 001a{HaHHs, 110
BKJIIOYAE 3MillyBad, pizduk (iOpu, CTpiuKOBHIl 1 NIHEKOBMH >KUBHJIBHWKH, 3MOHTOBaHI Ha €IWHIH pami. BuxopucranHs
CTPIYKOBOTO KHMBUWJIbHHUKA 13 CHHXPOHHOIO MOJa4YCt0 KOMIIOHCHTIB 1 aBTOMaTH30BaHOTO pizyrka HiOpu T03BOJISIE PIBHOMIPHO
PO3MOAIIATH apMyI0Ui eleMeHTH B cyMinti. Po3po0ieHa MeToquka BH3HAYSHHSI TPOIYKTHBHOCTI YCTAHOBKH BPaxoBye 00’ eM
3aIOBHEHHS 3MilllyBada, TEOMETPUYHI IapaMeTpu poOOYMX OpraHiB Ta OCOOJIHMBOCTI MpOIECy mepeMilryBaHHs. BusHaueHi
3aJIeKHOCTI 71 mig00opy OCHOBHHUX IapaMeTpiB pi3uMKa 1 POIMKOBOI MOJAAdi JHKTyTa. 3ampornoHOBaHEe OONATHAHHS CHPUSE
MiABUIIEHHIO SIKOCTI MOJIICTHPOJIOCTOHY, 3MEHIICHHIO €HEPTOCIIOKUBAHHS 1 9acy BUPOOHUNTBA. [IepCreKTHBOIO MOAANTBIINX
JIOCHIKEHb € ONTHMIi3allisl peXXUMiB poOOTH 00JIaJHAHHS AJISL PI3HUX THIIIB MOJIICTUPOIOECTOHHUX CyMIIIeH i3 BUKOPUCTAHHIM
(idbpoBoro apmMmyBaHHsI.
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