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Abstract. The article presents the influence of pozzolanic
additives and polycarboxylate superplasticizer on the
performance of the cementitious matrix of recycled
aggregate concrete. The particle size distribution by
volume and surface area of fly ash and silica fume is
given, and the phase composition and microstructure of
cementing paste are investigated.
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1. Introduction

Cement-based materials are widely used in various
construction sectors. Concrete is the second most
commonly used material after water, and due to its high
structural strength and durability, it is an important
component of modern infrastructure. At the current stage
of concrete production, one of the main principles is
sustainability, as global concrete production accounts for
8% of man-made CO, emissions worldwide.'

In the production of concrete, the main components
are natural aggregates: granite crushed stone, gravel, and
sand, the extraction of which is a costly process. Thus, the
value of natural aggregates in the world in 2018 was about
$430 billion, and it is expected that in 2026 it will increase
1.4 times and reach $600 billion, with about 60% of
aggregates used for concrete production.” The decrease in
carbon content of concrete is largely achieved by using
different types of materials to replace cement and
aggregates, which determines the production of low-
carbon concrete.>*

The significant amount of demolished concrete,
construction waste, efc.’ is a problem around the world.
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Crushed concrete can be used as an aggregate in concrete.
About 200 million tons of construction and demolition
waste are generated every year in Europe.® It should be
noted that the significant number of civilian infrastructure
facilities have been destroyed or damaged as a result of
the hostilities in Ukraine. One of the possible ways of
reusing concrete waste (concrete, reinforced concrete
structures and products, as well as their fragments) is the
production of coarse and fine aggregates for concrete.’
The use of recycled concrete not only reduces the
consumption of natural materials but also reduces CO,
emissions. At the same time, the low characteristics of
recycled aggregate concrete (RAC) limit its widespread
use.’

Concrete as a heterogeneous material consists of
two components that have very significant differences: the
cementitious matrix and aggregates. Granite aggregates
typically have higher strength, lower porosity, and an
order of magnitude lower deformation than the
cementitious matrix, which is formed during the hydration
process and binds the aggregates together.'™'" Characteris-
tically, the cement fraction is limited in content
(approximately 300 kg/m’ of concrete) but has a dominant
effect on the most properties of the concrete. The binder
properties must be used in concrete as fully as possible, so
the cementitious matrix is formed based on the "Portland
cement — supplementary cementitious materials — super-
plasticizer" system.'”” As a result, a dense concrete
structure is obtained at the meso- and microlevels. This is
achieved by the following effects: high packing density of
the cementitious system grains due to the use of finely
dispersed compositions (physical optimization); pozzo-
lanic reaction when using active mineral additives
(chemical optimization); increased adhesion between the
cementitious matrix and aggregate (optimization of the
concrete mesostructure).'!

One of the basic ingredients of concrete mixtures is
supplementary cementitious materials (SCMs), among
which fly ash and silica fume are widely used."'® Fly ash
(FA) is the ash collected from the exhaust gas of coal
power plants. Condensed silica fume (SF) is a by-product
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of silicon production. Admixtures such as superplas-
ticizers can be used to improve the workability and
flowability of cementitious mixtures added in small
amounts (1-2 %) by weight of cement.'”" Pozzolanic fly
ash and silica fume additives perform the following main
functions in cementitious systems: filling the intergranular
space, improving rheological properties due to the
spherical shape of fly ash particles, and accelerating the
binding of portlandite by the ultrafine fraction of
microsilica into high-strength calcium hydrosilicates.”*'
Therefore, the development of efficient concretes with
recycled aggregates requires the study of "Portland
cement clinker — curing time regulator — active mineral
additives — microfillers — superplasticizer" cementing
systems. This will allow to control the processability and
kinetics of structure formation, intensify the initial stages
of hardening, and create a strong and monolithic structure
of the cementitious matrix of concrete with recycled
aggregates.zz’24

It should be noted that the surface of concrete
recycled aggregates is covered with cement mortar
residues, the structure of which is porous with the formation
of microcracks. This leads to their increased water
absorption and reduced strength of the contact zone
between the aggregate and the cement paste (interfacial
transition zone, ITZ).”*° Multicomponent SCMs fill
cement paste voids and contribute to the compactness of the
ITZ structure by reacting with calcium hydroxide to form
CSH gels, which, in turn, improve the macroscopic
characteristics of RAC.”” Therefore, it is important to
increase the strength of the ITZ by modifying the
cementitious matrix.”® This will allow the development of
low-carbon concrete with improved performance and is re-
levant and in line with the global concept of sustainability.

The work aims to study the effect of such pozzo-
lanic materials of different dispersion levels as fly ash and
silica fume in combination with polycarboxylate super-
plasticizers on the structure formation and characteristics
of RAC from the macro- and microscopic standpoints.

2. Experimental

2.1. Materials

Portland limestone cement CEM II/A-LL 42.5 R
was used in the studies. The mineralogical composition of
Portland cement clinker is as follows (wt. %): C3S — 62.8,
C,S — 134, GA — 6.5, and C4AF — 12.1; content of
alkaline oxides in the clinker (wt. %): K,O — 1.1 and
Na,O — 0.17. Portland cement CEM II/A-LL 42.5 R is
characterized by fractions with particle diameters of @5,
010, ¥20 and Q60 pm, the content of which are 20.46,
35.23 and 86.34 %, respectively; the grain sizes Dv(10),
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Dv(50), and Dv(90) correspond to 1.6, 13.3 and 48.8 um.
The specific surface area according to Blaine is 4200
cm’/g.

The fly ash from Burshtyn TPP and Elkem
Microsilica Grade 940-U silica fume were used as
pozzolanic additives. The fly ash composition is (wt. %):
SiO, — 53.68, CaO — 3.85, Al,O; — 26.02, and Fe,0O5 —
8.92. The specific surface area of FA is 3240 cm’/g. For
silica fume, the SiO, content is 95.8 wt.%. The specific
surface area of microsilica is 15000 cm?/g.

To strengthen the contact zone of the cementitious
matrix and aggregate in fine-grained concrete, a combined
pozzolanic additive based on FA and SF was used. These
ingredients were mixed in a ratio of 3:1 in a vibrating mill.
Master Glenium 430 polycarboxylate ether based
superplasticizer (PCE) was used in the studies. To obtain
fine-grained concrete, quartz sand with a fineness
modulus of 2.7 was used. As an alternative fine filler,
crushed concrete waste of C20/25 strength class was used.
The waste was crushed in a jaw crusher to obtain grains of
various sizes and then grounded in a laboratory mill to
obtain a fraction of 0.16...2.5 mm with fineness modulus
of 2.75.

2.2. Methods

The chemical composition of the components was
determined by fluorescence analysis. The laser diffraction
method was used to determine the particle size
distribution of cement, fly ash, silica fume, and combined
pozzolanic additive. To determine the quantitative
dependencies of the polymodal differential distribution of
particle sizes of dispersed active mineral additives by
specific surface area, the methodology for assessing
surface activity was used.”® X-ray diffractometry,
thermogravimetry, and scanning electron microscopy
were used to determine the phase composition of Portland
cement and cementing systems.

The flow of the mixture and the flexural and
compressive strengths of fine-grained concrete was
determined according to the literature.”> The compressive
and flexural strengths of the tested fine-grained concrete
under study were determined on prisms 40x40x160 mm.
Samples were tested after 2, 7 and 28 days of curing.

3. Results and Discussion

To determine the effect of the pozzolanic additives
on the concrete properties, the dispersion of fly ash and
silica fume was studied. Using laser granulometry, it was
found that for fly ash the content of fractions @5, @10,
and 920 pm is 13.11, 28.87, and 46.88 %, respectively,
and the grain sizes Dv(10), Dv(50), and Dv(90)
corresponds to 4.15, 23.6, and 135.0 um, respectively.
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The average volumetric diameters by specific surface area
D[3;2] and volume D[4;3] for FA are 7.16 and 53.7 pum,
respectively. The maximum on the differential particle
size distribution curve corresponds to 25.3 um (Fig. 1a).
For FA, the content of the fraction up to 1 pm is 2.21 %
and the maximum surface activity in the bimodal
distribution is Kj,, = 3.81 and K, = 2.42 pm’l‘vol. % and
falls on particles of 0.23 and 3.85 pm in size (Fig. 1b).
The analysis of the dispersion parameters of silica fume
(SSA = 15000 cm®/g) indicates its extremely high surface
activity. According to laser granulometry results, the
content of an ultrafine fraction of less than 1.0 um in size
with an integral volume distribution is 59.31 wt. % for
silica fume. As can be seen from Fig. 1a, silica fume is
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characterized by a bimodal differential distribution of
particles by volume. Their highest content is characteristic
of the ultrafine fraction of 0.22 pm; the presence of 10.3
um fraction is also recorded. At the same time, the
calculated value of the integral distribution by specific
surface area Ds(50) corresponds to 0.2 pm, and the
maximum value of the differential coefficient K, = 168.7
um™-vol. % is manifested at 0.17 pm (Fig. 1c). At the
same time, the maximum value of the coefficient of
surface activity of microsilica exceeds the value of fly ash
by 44.2 times, which convincingly indicates a significant
effect of the ultrafine fraction of silica fume on the
intensification and acceleration of structure-forming
processes in cementing systems.
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Fig. 1. Differential particle size distribution of fly ash and silica fume by volume (a) and by surface area (b, c)

Taking into account the difference in structural
levels of fly ash and microsilica dispersion, a combined
pozzolanic additive (CPA) was developed to increase the
pozzolanic effect in the cementitious matrix of concrete.
The specific surface area of CPA is 5800 cm’/g.
According to laser granulometry data, the content of the
fractions @5; @10; @20 um for CPA is 22.62, 38.01,
59.89 %, respectively, and the grain sizes Dv(10),
Dv(50), Dv(90) correspond to 6.08, 27.0, 119 um. The

average diameters D[3; 2] and D[4; 3] are 14.3 and 46.2
um, respectively. The maximum on the differential
distribution curve corresponds to particles with a size of
11.5 um (Fig. 2a). The combined pozzolanic additive
"fly ash — silica fume" is characterized by spherical
particles less than 20 um in size in combination with a
fine fraction. It is characteristic that finely dispersed
particles of silica fume are attached to the surface of
larger ash particles (Fig. 2b).
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Fig. 2. Particle size distribution (a) and micrograph (b) of combined pozzolanic additive

The influence of CPA "fly ash — silica fume" on the
physical and mechanical properties of fine-grained
concrete (Cement : Sand = 1:1.65) was studied; at the
same time, the flowability of the mixture varied within
165-170 mm. It was found that to achieve a desired
flowability for the composition without admixture (W/C =
0.34) the strength values after 1, 2, 7, and 28 days were
40.4, 55.6, 72.8, and 103.6 MPa, respectively. When 5.0
wt. % and 10.0 wt. % of CPA were added (W/C = 0.34-
0.35), an increase in early strength by 15-16 % was
observed after 1 day, by 18-19 % after 2 days and after 28
days the strength values of 107.2 and 113.0 MPa,
respectively, were achieved. The introduction of 15 wt.%
CPA leads to a slight decrease in the strength of concrete
at all curing times — the strength after 1 day was 40.0
MPa, after 2 days — 61.2 MPa, after 7 days — 83.2 MPa,
and after 28 days — 112.6 MPa. The physical and
mechanical properties of concrete improve when modified
with superplasticizer based on polycarboxylate ethers. To
achieve the desired mobility, it was found that the
introduction of 1.0 wt. % of PCE into the composition of
concrete without additives provides a water-reducing
effect AW/C=26.5% and an increase in strength at all
curing times. The kinetics of strength gain of the samples
with CPA slightly differs from that of samples without
PCE. At AW/C =30.3 %, when 5.0 wt. % of CPA and 1.0
wt. % of PCE are added, the strength of the samples
increases and amounts to 68.0 MPa after 1 day, 85.6 MPa
after 2 days, 98.0 MPa and 125.4 MPa after 7 and 28
days, respectively. At the same time, when 10.0 wt. % of
CPA and 1.0 wt. % of PCE are added, a slight slowdown
in the kinetics of early strength gain is observed., whereas
after 7 and 28 days the strength increases and reaches
100.0 MPa and 130.8 MPa, respectively. The increase in
strength values AR.;, AR.;, and AR5 for modified fine-

grained concrete is ensured. The highest effect (AR, =
68.3%) after 1 day is observed for modified mixtures
containing 5.0 wt. % CPA + 1.0 wt. % PCE, and after 28
days (AR.2¢ = 26.9 %) for the mixtures with 10.0 wt. %
CPA + 1.0 wt. % PCE, which indicates the high efficiency
of the organo-mineral pozzolanic additive "fly ash — silica
fume" + PCE.

In the next stage of experiments quartz sand in the
composition of fine-grained concrete was replaced by fine
polyfractional recycled concrete aggregate. For concrete
without additives (Fig. 3a) the strength after 1, 2, 7, and
28 days was found to be 36.8 MPa, 51.3 MPa, 68.5 MPa,
and 90.4 MPa, respectively (W/C = 0.36). When 5.0 wt. %
CPA is added, to achieve flow of 162-165 mm at W/C of
0.36, the concrete strength increases at all curing times by
9-12 % and reaches 45.62 and 109.4 MPa after 1 and 28
days, respectively. An increase in the amount of a highly
dispersed pozzolanic additive to 10-15 wt.% slightly
increases water consumption (W/C=0.37) and decreases
strength at all curing times. At the desired flow of 165
mm, and 1.0 wt.% of PCE in the mixture, we observe
AW/C=25 % and an increase in strength to 62.5 MPa after
1 day, 77.6 MPa after 2 days, 91.4 MPa after 7 days, and
110.3 MPa after 28 days (Fig. 3b). The introduction of 5.0
wt. % CPA + 1.0 wt. % PCE provides the greatest
increase compressive strength (1.7-1.4 times) and in
flexure strength (1.4-1.3 times) at all curing times. Thus,
the compressive strength after 1 day is 64.1 MPa, 2 days —
82.7 MPa, 7 days — 96.1 MPa and 28 days — 125.7 MPa.
At the introduction of 10.0 wt. % CPA + 1.0 wt. % PCE, a
slowdown in the kinetics of strength gain is observed. At
the same time, the highest strength gain is provided after 1
day (AR, = 74.2 %) and 28 days (AR.s = 39.1 %) for
modified fine-grained concretes containing 5.0 wt. %
CPA + 1.0 wt. % PCE.
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Fig. 3. Compressive strength of fine-grained recycled aggregate concrete without admixture (a) and with PCE (b)

The rheological properties of modified cementing
systems (W/C=0.5) were studied. For Portland limestone
cement, the relative viscosity was found to be 3.43 (drain
time is 36 s), and the flow according to the Suttard
viscosimeter was 190 mm. When adding 5-10 wt. % of
CPA to CEM II/A-LL, the relative viscosity of the
suspension decreases by 8-10%. An increase in CPA
amount to 20.0 wt. % decreases the relative viscosity by
21.3 %. The introduction of 1.0 wt. % of PCE provides
high plasticity of the cementing system, the flow value
reaches 260 mm, while the relative viscosity decreases by
1.3 times compared to cement without additives and is
equal to 2.52. The introduction of 1.0 wt. % PCE +10 wt. %
CPA to the cement results in a sharp decrease in the relative
viscosity from 2.52 to 1.43 and an increase in plasticity
from 260 to 300 mm. The combination of "fly ash — silica
fume" and PCE provides a 1.5-2.0-fold reduction in the
relative viscosity and obtaining of a superplasticized
cementing system with the Suttard flowability to 310 mm.

For Portland limestone cement CEM II/A-LL, the
normal density of cement paste (paste 1:0) is achieved at a
water demand of 29.5 %, the initial set is 190 min, and the
final set is 260 min. At the same time, the cement paste is
characterized by strength values of 38.3, 84.1, and 118.8

MPa after 1, 7, and 28 days of hardening, respectively.
With the introduction of 5.0 wt.% of highly active CPA, the
normal density is achieved at a water demand of 30 %, and
the strength increases at all curing times. With the
introduction of 5 wt. % CPA + 1.0 wt. % PCE, to ensure
normal density, the water demand decreases to 20.7 %, and
the strength increases by 1.64 times (63.0 MPa), 1.3 times
(109.7 MPa), and 1.2 times (140.7 MPa) after 1, 7 and 28
days, respectively.

The cement paste samples were examined by X-ray
diffraction and their phase composition was determined. The
results in the form of a diffractogram are shown in Fig. 4a, b.
For cement paste after 24 hours and 28 days of hardening,
the lines of calcite (d/n 0.303; 0.249 nm), calcium
hydroxide (d/n = 0.490; 0.263 nm), ettringite (d/n = 0.973;
0.561 nm), etc., were recorded. It should be noted that the
introduction of 15.0 wt. % of active pozzolanic additive to
Portland cement reduces the intensity of calcium hydroxide
reflexes by 1.3 times after 24 h, and by 1.5 times after 28
days compared to cement without additives. This indicates
that a fine fraction of CPA accelerates the pozzolanization
process. The high strength of the modified cement paste is
ensured by expanding the effect of ettringite, as well as the
formation of low-base calcium hydrosilicates.
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Fig. 4. Diffractograms of cementitious paste with CPA and PCE additives: after 24 h of hydration (a), and after 28 days
of hydration (b); 1 —unhydrated CEM II/A-LL; 2 — hydrated CEM II/A-LL; 3 — hydrated 85.0 wt. %
CEM II + 15.0 wt.% CPA; 4 — hydrated 85.0 wt. % CEM II + 15.0 wt. % CPA + PCE

According to the data of quantitative X-ray
diffraction analysis by Rietveld, for Portland limestone
cement CEM II/A-LL hydrated for 24 h the content of
ettringite, portlandite, and X-ray amorphous phase is 12.3
wt. %, 16.2 wt. %, and 43.4 wt. %, respectively. The
introduction of 20.0 wt. % CPA results in the increase of
ettringite content to 14.7 wt. %, and the content of
portlandite decreases to 11.2 wt. %. When CPA is
introduced, the reaction surface of Portland cement clinker
grains increases due to their expansion. The formation rate
of Ca(OH),, which acts as a CPA activator, also increases,
resulting in an incomplete hydrolysis of the vitreous
component. The reaction of active Al,O; and Ca(OH),
contributes to the formation of ettringite. Ettrigite crystals
formed at an early stage of cement hydration, provide a
crystal skeleton that acts as a reinforcing base for cement
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paste and contribute to a rapid gain in strength. The
introduction of PCE leads to an increase in the amount of
the C-S-H phase, while the ettringite and portlandite
contents do not change. For the Portland cement paste
based on CEM II/A-LL, which was hardened for 28 days,
the Ca(OH), content is 13.6 wt. %, for the paste with 15.0
wt. % CPA, its content decreases by 1.65 times, for the
modified paste with 15.0 wt. % CPA + PCE — by 1.56
times, and the content of the amorphous phase increases
from 45.1 wt. % to 49.6 wt. % and 52.7 wt. %. The degree
of hydration for cement paste based on 85.0 wt. % CEM
II/A-LL 42.5 R + 15.0 wt. % CPA after 24 h and 28 days
is 28 % and 78 %, respectively. The introduction of a
polycarboxylate superplasticizer leads to a slight
slowdown in the early structure formation processes,
while the degree of hydration increases after 28 days.
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Fig. 5. Thermograms of cementitious paste based on CEM II/A-LL (a)
and CEM II/A-LL+CPA+PCE (b) hydrated for 24 h
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The results of the thermal analysis of cement paste
samples hydrated for 24 h are shown in the form of
thermograms (Fig. 5a, b). In the temperature range of
20—-165 °C, the samples lose physically adsorbed
moisture; in the same temperature range, partial thermal
decomposition of the ettringite occurs.”’ The process is
accompanied by a significant weight loss of cement paste
samples: Am = 15.06 % for CEM II/A-LL and Am = 15.18
% for CEM II/A-LL + CPA + PCE.

An extremum on the DTG curves and a deep
endothermic effect on the DTA curves are observed. In
the temperature range of 165—438 °C, the stepwise
thermal decomposition of ettringite continues and a
gradual  dehydration  of  hydroaluminates  and
hydrosilicates occurs. This process corresponds to a
gradual weight loss Am =4.41 % for CEM II/A-LL and
Am=392 % for CEM II/A-LL + CPA + PCE. A
deviation of DTA curves to the region of endothermic
effects is observed. It should be noted that CEM II/A-LL
is characterized by a higher content of hydrated phases, as
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evidenced by a more intense weight loss of this sample. In
the temperature range of 438—541 °C for Portland cement
paste based on CEM II/A-LL and temperature range of
438-533 °C for CEM II/A-LL+CPA+RCE, dehydration
of portlandite occurs. This process is accompanied by a
rapid loss of sample weight: Am =2.76 % for CEM II/A-
LL and Am = 1.69 % for the CEM II/A-LL + CPA+ PCE
system. Characteristically, cement paste based on CEM
II/A-LL is characterized by a higher content of Ca(OH)j,
the decomposition of which is accompanied by a more
intense weight loss of this sample. In the temperature
range of 541-670 °C for CEM II/A-LL and range of
533-680 °C for the CEM II/A-LL+CPA+RE system, the
dehydration of hydrosilicates is completed, which
corresponds to a gradual loss of sample weight:
Am=1.18% for CEM IVA-LL and Am=1.06% for
CEM II/A-LL+CPA+RCE. A deviation of DTA curves
into the region of endothermic effects is observed. At
temperatures above 670 °C, thermal dissociation of car-
bonates occurs. This process is accompanied by a signi-
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ficant loss of sample weight: Am =3.07 % for CEM II/A-
LL and Am =4.01 % for the CEM II/A-LL + CPA + PCE
system. After 24 h of hardening of the modified cement
paste based on CEM II/A-LL + CPA + PCE, the Ca(OH),
content is 9.2 %, which is 1.6 times less than that of the
paste based on CEM II/A-LL.

Micrographs  of cement paste  samples
(water/binder = 0.4) based on CEM II/A-LL + CPA and
CEM II/A-LL + CPA + PCE systems after 24 h of
hydration are shown in Fig. 6. The results of scanning
electron microscopy show that the cementing system of
85 wt. % CEM II/A-LL + 15 wt. % CPA is characterized
by a fine crystalline structure, which is manifested in the
form of calcium hydrosilicates and plate-shaped
individual crystals of portlandite (Fig. 6a, b).

At the introduction of 1.0 wt. % of PCE, the friable
structure of the modified cement paste is revealed due to
the increased amount of water. By influencing the
processes of structure formation, especially at the initial,
coagulation stage, PCE changes the rheological properties
of the cementing system and contributes to a reduction in
its water demand, which is further reflected in the
properties of the crystallization structure. Fig. 6¢, d shows
that the introduction of PCE promotes the formation of an
additional amount of C-S-H-gel, which increases the
volume of internal hydrate formations — a significant
amount of finely dispersed calcium hydrosilicates is
observed on the surface of the grains. The combination of
fly ash and silica fume in CPA can eliminate some of the
disadvantages of pozzolans — accelerate the pozzolanic
reaction during cement hydration, and compact the
structure at the meso- and microlevels of the cementitious
matrix of the concrete.

Thus, the use of Portland limestone cement, active
pozzolanic additives (fly ash, silica fume), and their
combination with polycarboxylate superplasticizers
provides modification of the mesostructure of fine-grained
concrete with recycled aggregate and creates the
possibility of achieving high workability and strength.
Multicomponent SCMs fill cement paste voids and
contribute to the compactness of the ITZ structure by
reacting with calcium hydroxide to form C-S-H-gels,
which in turn improve the macroscopic characteristics of
RAC. The implementation of SCMs and silica fume in
combination with 100 % recycled concrete aggregates
resulted in a 41 % reduction in CO, emissions, as well as
an increase in a number of durability indicators.”
Therefore, establishing the influence of active pozzolanic
additives, such as fly ash and silica fume, on the technical
properties of RAC is important in the context of reducing
the carbon footprint in construction production.
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4. Conclusions

The synergistic combination of pozzolanic
additives of the micro- and ultradispersity level of the "fly
ash-silica fume" system in a complex with polycar-
boxylate superplasticizers allows you to regulate the
rheological properties of Portland cements and optimize
the performance of the cementitious matrix to ensure its
high density. At the same time, there is also a
simultaneous increase in strength and a decrease in the
porosity of the interfacial transition zone of RAC, which
is a critical factor that determines the durability of
concrete structures.

The use of recycled aggregate concrete not only
reduces the consumption of natural materials but also
helps to reduce CO, emissions. Further study of the
effects of SCMs and modifiers to improve the ITZ
structure of RAC has important practical implications.
Complete concrete recycling can be scaled up and
deployed on an industrial scale, thus contributing to the
carbon-neutral concrete of the future.
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BIL/IUB ITYIHOJIAHOBUX IOBABOK HA
BJIACTUBOCTI HEMEHTYIOUYOI MATPUIII
BETOHIB 3 3AIIOBHIOBAYAMMU PEINUKJITHI'Y

Anomayin. ¥ cmammi onucano éniug nyyonamogux 0ooa-
60K I NONIKAPOOKCUNAMHO20 CYNEPRIACHUPIKAMOpa HA Xapak-
MEPUCIMUKY  YeMeHmYIouoi mampuyi Oemony i3 3anoeHIogayem
peyukninzy. Hasedeno epamynomempuunuii cknad 3a 06’emom i
nower0 NOBepxXHi Ol 30U-BUHECEHHsS. A KPEMHE3eMHO20 NUILY,
odocniodiceno  pazosutl cKnad i MIKPOCMPYKmMypy UYeMeHmHO20
KaMeHio.

Knwuosi cnosa: 3ona-eunecenms, MikpoKpemHeseM, 3a-
NOGHIOBAY — PEYUKNIHZY,  NOMKAPOOKCUNIAMHULL  CYREPNIACHU-
Gixamop, yemenmyioua mampuysi, GemoH.



