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Abstract. The research object of this scientific work is the massive concrete structures of
underground low-deep transport tunnels, reinforced with steel and non-metallic composite
reinforcement. Circular-section tunnels with the frame nominal diameters of 5, 10 and 15 m are
considered.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Research tasks:

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

CFAS,i = A -k

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

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

tr,i

(10)

constr !

(11)

constr !

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

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

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

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

service life;

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

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

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

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

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

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

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

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

production of i-th processed material.

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

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

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

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

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

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

Conclusions:

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

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

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

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

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

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

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

Kurouosi ciioBa: ByrieneBuil ciii, BAKUIN BYTJIEKUCIIOrO ra3y, MiI3eMHHUI TpaHCIOPTHUI
TyHEJb, MOHOJIITHUI BKKHAW OETOH, CTalleBa 1 HEMETalleBa KOMITO3UTHA apMaTypa, JKUTTEBUHN ITHKIT
Cropyau, crafis (etam), iHpopmariitHa rpyna (MOIYIb).
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