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In the article, based on the literature analysis, it was shown that the particle shape, size, quantity,
and ratio between the fractions of coarse aggregate affect the workability of concrete mixtures, as well as
the density, strength, and durability of concrete. This applies to all types of concrete mixtures, from self-
compacting (SCC) to rigid (RCC). However, studies mainly focus on cube-shaped aggregates, while
crushed ones, which has a flake-like shape, is widely used in concrete. In Ukraine, quartzite crushed stone
with 25-55 % flake particles are used in pavement concrete. It was found that flake particles significantly
influence structure formation in concrete. If they are positioned horizontally during compaction, large
air voids may form underneath, followed by smaller bubbles. This weakens the contact zone, reducing
concrete density, flexural strength, and durability while increasing water absorption.
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Introduction

It is known that coarse aggregate and its quality are the main factors that have a significant impact on
the properties of all types of heavy-weight cement concrete, including self-compacting mixtures (SCC).
Mainly, this applies to such indicators as the maximum aggregate size, texture, genesis and shape of coarse
aggregate grains. The article (Khaleel, 2011) presents the results of a study of SCC on crushed gravel,
natural gravel and crushed limestone. It was shown that concrete mixtures containing crushed limestone
have higher strength and elastic modulus than mixtures prepared on crushed and natural gravel. At the same
time, the strength of SCC containing fine aggregate is higher than that of SCC based on coarse one.

Studies have shown that the properties of SCC are greatly influenced by the parameters of aggregates,
primarily coarse aggregate. These include shape, texture, structure, maximum grain size, and granulometric
composition of aggregate mix. The shape and size of coarse aggregate have a major impact on the mortar
volume and the volume of cement paste which are necessary to coat all aggregate particles. The smallest
volumes of cement mortar and cement paste correspond to particles with a smooth surface and flat (actually
flaky) shape. Therefore, natural gravel requires significantly less mortar or paste than, for example, crushed
gravel or crushed limestone, the shape of which is close to cubic. In addition, crushed aggregate
significantly reduces the flowability of concrete mixtures due to the mechanical interlocking of angular
particles. At the same time, smooth and flat aggregate improves the flowability of mixtures due to lower
internal friction.

It is noted that the most important point in the effective application of SCC is the use of fractionated
filler. If poorly fractionated filler is used, then the problem of increasing the viscosity of the mixture and
segregation of the filler appears. In addition, it is necessary to reduce the maximum grain size in SCC
because the permeability of cast concrete mixtures in densely reinforced structures is sharply reduced.

The necessary optimization of the amount of coarse aggregate includes two indicators: a decrease in
the maximum size of the aggregate, for example, to 10-20 mm, which allows increasing the amount of
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coarse aggregate in SCC; the shape of the grains, which, ideally, should tend to be rounded, which will also
allow increasing the content of coarse aggregate.

Studies have shown that the compressive and flexural strength, as well as the modulus of elasticity of
concrete with Dy.x = 10 mm are higher than these indicators for concrete with Dy,,x = 20 mm. According to
the authors of the article, this can be explained by the fact that with a smaller particle size, their total contact
area increases, and, therefore, the role of the transition zone (TZ) and the contact zone “aggregate-hardened
cement paste” increases, which will make an additional contribution to the strength and durability of
concrete.

It should be noted that, despite the fact that there are no descriptions of studies of the properties of
concretes containing flaky particles in the world literature, the shape of natural gravel particles is very
similar to these particles. Therefore, it is logical to assume that the technological and structural problems
which arise in the manufacturing of concretes which contains flaky particles are similar to the problems of
concretes on natural gravel. The main indicator of the durability of concrete is its freeze-thaw resistance, and
for pavment concrete — the resistance of concrete to the simultaneous action of alternating freezing and
thawing and salt solutions aggresion. In the work (Zarauskas, 2017) it is shown that the freeze-thaw
resistance of concrete can be regulated by changing the content of coarse aggregate in the concrete mix,
since this changes the porosity of the concrete. For example, it is assumed that with an increase of the
volume of coarse aggregate, the predicted freeze-thaw resistance of concrete decreases. This is confirmed by
the studies of D. Nagrockiené, which showed that concrete with a large amount of coarse aggregate has low
closed porosity and therefore low freeze-thaw resistance (Nagrockiené, 2011).

It is worth noting that in terms of ensuring the minimum surface area of the aggregate mix, concrete
mixtures should contain the maximum amount of coarse aggregate. In this case, the role of the grain shape
increases, which affects the properties of fresh and hardened concrete. Therefore, the opinions of different
scientists regarding the amount of coarse aggregate in concrete are different. Research by G. Skripkiunas
showed that the main attention when creating strong and durable concrete should be paid to the uniform
distribution of coarse aggregates in the volume of concrete and reducing the concentration of stresses in the
contact zone around them (Skripkiunas, 2001). The results of these studies show that with an increase in the
volume occupied by coarse aggregate, the water absorption of concrete decreases. At the same time, the rate
of water absorption in the first hour is 86 % in concrete on natural gravel and 72 % in concrete on crushed
gravel from the total water absorption. Moreover, when using crushed gravel, the total porosity of concrete
increases compared to concretes containing natural gravel. The same studies showed that the shape of the
coarse aggregate particles does not have a significant effect on the amount of air in the concrete mixture and
the freeze-thaw resistance of concrete. The possibility of controlling the properties of concrete by
optimizing porosity, primarily open porosity, is shown in (Butakova, 2017). Such optimization can be most
easily carried out by ensuring a rational granulometric composition of coarse aggregates.

The grain shape and surface properties of the aggregate largely determine the water consumption for
concrete mix (Yamei, 2017). For example, the larger the surface area of the coarse aggregate, the more
water is needed to achieve desired workability. At the same time, angular particles increase the compressive
and bending strength of concrete. According to the authors, such particles contribute to an increase of water
consumption for concrete mixes but reduce the amount of entrained air. Accordingly, flat and smooth
particles can contribute to an increase in air entrainment.

It is known that corrosion resistance, freeze-thaw resistance and permeability of concrete in different
environments depend on the distribution of pores in concrete (Zhang, 2020). By changing the structure of
pores, it is possible to control the durability of concrete, which can be increased by reducing the size of
pores, primarily in the mortar part of the concrete, and ensuring their uniform distribution in the volume of
concrete (Li, 2021).

One option for changing the pore structure is to control the granulometric composition of coarse
aggregates. When preparing the concrete mix, large aggregate particles destroy large air bubbles and thus
make the pore structure more uniform.
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The maximum size of aggregate particles has a significant effect on many properties of concrete. As
the particle size increases, the heterogeneity of the aggregate mixture increases (Wang, 2024) and the
heterogeneity of concrete increases as well. A positive effect of increasing the content of coarse aggregate in
concrete and its maximum size is an increase of the compressive strength of concrete, especially at high
loading rates.

A relationship was established between the degree of homogeneity of the granulometry of coarse
aggregate and the mechanism of concrete failure (Gimenes, 2023; Grassl, 2023). In these studies, it was
found that the strength of concrete is affected by granulometry, grain shape and content of coarse aggregate.
With an increase of the size and amount of aggregate, the flexural strength of concrete also increases. The
mechanism of this phenomenon is explained by the fact that when using fractionated aggregate, small
fractions of coarse aggregate lead to the formation of a greater number of contact zones, which leads to a
decrease in strength.

Studies conducted on concretes made of zero-slump mixtures, in particular Roller Compacted
Concrete (RCC), have shown that the physical and mechanical properties of RCC, as well as the properties
of SCC, largely depend on the quality of the coarse aggregate and its granulometric composition (Almajeed,
2024). It is known that RCC has reduced water and cement consumption, but an increased amount of fine
aggregate, which fills the voids between coarse aggregate. However, the abrasion resistance of RCC
increases with increasing concrete strength and the amount of coarse aggregate in its composition. At the
same time, the effect of the aggregate content on the abrasion resistance of concrete is significantly higher
than the effect of cement consumption. The uniformity of the granulometric composition of the aggregates
and its continuity play an important role.

A reasonable ratio of fractions in coarse aggregates was established: very large 25 %, large 30 %,
medium 25 % and small 20 % of the total mass (Shi, 2024). With such ratio of large particles in large
aggregate, the density of compacted concrete is maximum, and the number of roller passes is minimal. At
the same time, in contrast to the SCC composition, to reduce the segregation of large aggregate particles it is
necessary to limit the maximum particle size and the proportion of large aggregate. However, it was
suggested that with an increase of Dy, of the aggregate, its voidness may decrease, although this contradicts
the results of other authors.

Segregation can be a significant problem for RCC if the granulometry of the coarse aggregate is not
uniform and the particle size is high (Zhang, 2020). Segregation has also been shown to decrease with the
square of the particle radius.

It is also interesting that if the ratio between the fractions of coarse aggregate is chosen poorly, a
rigid, practically incompressible framework of aggregate grains can form, which cannot be compacted by
rolling (Khasanov, 2021).

An analysis of the literature allows us to say that, even though many scientists point to the influence
of the shape of large aggregate on the properties of concrete mixtures of different workability and concretes
based on them, there are no studies on the influence of flat particles. In addition, it should be noted that not
all quarries of stone materials in Ukraine produce aggregate in which the amount of flaky particles is less
than 15 %. Firstly, this applies to quarries where quartzites are mined and processed. The number of flaky
particles in quartzites can reach 55 %, depending on the crushing equipment used (Tolmachov, 2024). In
addition, the shape of natural gravel particles is also similar to flat particles.

Therefore, the purpose of this article is to study the influence of flat particles in large aggregate on the
properties of concrete mixtures and concretes.

Materials and methods of research

Granite macadam of 5—10 mm and 10-20 mm fractions with different contents of flake particles were
used in the experiments. The control concrete composition used macadam containing 5 % of flake particles.
In other compositions, the content of flake particles in the macadam was artificially increased. Portland
cement of the Ivano-Frankivsk plant CEM [-42.5N and quartz sand with a fineness modulus Fm = 1.9 were
also used in the experiments. Since the main aim of the studies was to establish the effect of flake particles
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on the properties of concrete mixtures and concrete, additives were not introduced into the concrete
compositions. The studies were carried out on beam samples measuring 40x40x160 mm, as well as on
beam samples measuring 70.7x70.7x280 mm. Before testing, the samples were allowed to harden under
normal conditions for 28 days, after which they were tested for compressive and bending strength in
accordance with the standards adopted in Ukraine.

Results and discussion

It is known that the pore structure of concrete affects many of its properties. For example, large pores
reduce the strength of concrete, increase its permeability and abrasion. Micropores increase the corrosion
resistance of concrete and its frost resistance. However, if the pores are concentrated in one specific place in
the concrete structure, then the destruction of the concrete will begin in this place. In the studies of other
scientists it was shown that there is a risk of voids forming under flat particles of large aggregate (Yu, 2015;
Molugaram, 2014), as shown in Fig. 1. However, these works dealt with macro voids. But studies that
would show the nature of the distribution of pores under particles of different shapes have not been
conducted.
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Fig. 1. Diagram of porosity between coarse particles (according to [19])
1 — pore zone under the flaky particle; 2 — pore zone in the mortar part of the concrete,
3 — pore zone between the cuboid particles

The arrangement of pores in the volume of concrete was shown in (Zakharov, 2019). The main idea
of such an arrangement of pores is that for compaction of concrete mixture by vibration it is necessary that
the frequency of the vibrator coincides with the natural frequency of oscillations of the large aggregate. In
general, the frequencies coincide with cubic particles, but do not coincide with flake-shaped particles. As
shown in the studies of B. Gusev, the optimal vibration frequency of the vibrator for compacting concrete
mixtures should be at least 40 Hz (Gusev, 1991). At this frequency, mixtures with cubic particles are
effectively compacted. The vibration amplitude should also be different for mixtures with cubic and flat
particles. But this is impossible in production conditions. In addition, most concrete placers have vibrators
with a high vibration frequency of 700012000 min ' and low amplitude. These parameters are suitable for
compaction of flowing concrete mixtures with cube-shaped coarse aggregate. It is logical to assume that flat
particles, which have a larger surface area than cubic particles, will tend to rise to the surface of the mix
being compacted under such vibration parameters. With such vibration and with a horizontal arrangement of
flat particles, large air bubbles can form under their lower surface. Further, under the action of vibration, the
destruction and dispersion of large air bubbles will occur. In this case, many small pores will form under the
flat particle, the number of which is greater than in the mortar part of the concrete and under the cubic
particles. This will lead to the formation of a zone of high porosity, which will not be compacted, but will be
a weak link in the concrete structure.
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Beam samples measuring 70.7x70.7x280 mm were made of concrete of one strength class (C30/35).
The content of flat particles in the coarse aggregate varied in their compositions. After 28 days of hardening,
the samples were cut vertically and the number of flat particles in each section was determined. A total of 6
sections were made for each concrete composition. The studies showed that flat particles are able to rise to
the surface of the sample when compacted by vibration (Table 1). It was found that with a small number of
flat particles (5 % of the total mass of crushed stone), they are distributed evenly along the height of the
concrete. But if the number of flat particles increases, then during vibration they rise to the upper part of the
sample, and their number in the upper part increases. These studies showed that with such vibration, flat
particles of macadam behave like a lightweight filler.

Table 1
Number of flaky particles by height of concrete sample
The amount of flake particles in aggregate, % by Number of flake particles in the.cross-sectlon of a concrete
. sample, pieces
weight
Upper part Bottom part
5 3 4
15 9 4
25 12 6

In production conditions, high-frequency vibration with a small oscillation amplitude is most often
used, which facilitates the compaction of concrete mixtures with cubic-shaped macadam. For mixtures with
a large number of flake particles, low-frequency vibration is required, but with a large amplitude, which,
according to the research of B. Gusev, must be used to compact concrete mixtures on lightweight aggregates
(Gusev, 1991). The amount of flaky particles in aggregate for pavement was previously limited to 25%, and
is currently 15 % as a requirement of DSTU 8858:2019. However, there is no data in the literature on the
effect of such an amount of flaky particles on the properties of concrete.

The flexural strength of concrete decreases by 8 % with an increase of the amount of flake particles to
10 % (Table 2). This indicator further decreased to a content of flake particles in aggregate at the level of
20 %. And then, as for the compressive strength, no decrease in the flexural strength was observed. The
overall decrease in flexural strength is 15 %. Such a significant decrease in strength indicates the influence
of flake particles on the contact zone of “hardened cement paste — aggregate” and the transition zone (TZ).
Thus, the above mechanism is confirmed, according to which in the contact zone “flake particle — hardened
cement paste”, is probably in the lower part of the particle, a zone is formed that is poorly compacted. This
zone is a weak link in the mesostructure of concrete and is the reason for the decrease in its strength.

Table 2
The influence of flake particles on the strength of cement concrete
- - 5
Strength, MPa Quantity of flaky particles, wt. % of total aggregate
5 10 15 20 25
Compressive strength 58.3 56.4 55.6 55.6 55.6
Bending strength 9.52 8.85 8.55 8.25 8.25

The conducted studies have shown that with an increase of the amount of flaky particles in the
composition of aggregate, the compressive strength of concrete decreases. However, with each increase in
the amount of flakes by 5 %, the strength of concrete decreases insignificantly — by 1-3 %. When moving
from 5 % of flake particles to 15 %, the decrease of strength is 5%. Further, the compressive strength of
concrete does not decrease. Such a decrease of compressive strength is within the error limits of testing.
This indicates that in the considered range of the content of flake particles, their influence does not affect the
macrostructure of concrete.
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The optical microscopic studies conducted showed that the structure of the contact zone and the
transition zone depends on the amount of flake particles in the macadam (Fig. 2). As can be seen from the
photographs presented, with a flake particle amount of 5 %, the contact zone “flake particle — hardened
cement paste” can be clearly identified (Fig. 2, a). The contact zone is adjoined by a transition zone 2—3x
10* m wide, in which pores of 0.8—1.2 x 10* m can be seen. This indicates insufficient compaction of this
zone due to the fact that the vibration parameters do not coincide with the natural vibration frequency of the
flake particles.

Fig. 2. Optical microscopic photograph of the contact zone
a — content of flake particles 5 %, b — content of flake particles 15 %

In the concrete sample containing 15 % of flake particles, a clear contact zone can also be seen, as
well as a transition zone (Fig. 2, b). The transition zone is wider (up to 5-6x10* m) than in the case where
the content of flake particles is 5 %. The pores in this zone are also significantly larger and reach a diameter
of 1.6-2.4x10"* m. Here, mesostructure defects with a diameter of 5x10~*m can be seen. In the mortar part
of the concrete, the number of pores is increased under the flake particle. This confirms that loose zones
appear in the concrete under the flake particles, in which the mortar part is poorly compacted. Direct tests
showed that the water absorption of concrete with different amounts of flake particles is different and
increases with an increase in the number of these particles (Table 3).

Table 3

Water absorption of concrete samples with different amounts of flake particles

Water absorption of concrete, W, %, with the number of flake particles
Sample form
5% 15% 25%
Cubes 1.76 2.4 3.0
Beams 2.0 2.8 3.6

It is obvious that the increase of the amount of flake particles in macadam leads to an increase in
water absorption. If we take into account that water absorption is an indicator of the amount of open pores,
then we can conclude that with an increase of the content of flake particles in macadam, the open porosity of
concrete increases. These studies confirm the results of optical microscopic studies and the mechanism of
the influence of flake particles on the formation of concrete structure and its properties.
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Conclusions

1. It is shown that gravel and quartzite macadam are used for the production of heavy concrete for
transport purposes, which may contain a high amount of flake particles that affect the properties of concrete
mixtures and concrete.

2. It has been established that when compacting concrete mixtures by vibration with traditional
parameters, flake particles can rise to the upper part of the concrete. At the same time, zones of increased
porosity are formed under them.

3. Studies of the strength of concrete with different amounts of flake particles have shown that
increasing their number does not change the compressive strength of concrete, but reduces the flexural
strength of concrete.

4. It has been shown that an increase of the amount of flake particles in crushed stone leads to an
increase in water absorption of concrete, primarily due to an increase of the number of open pores.
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! XapKiBchKHil HAITIOHAEHII aBTOMOOLIBHO-IOPOKHiH YHIBEpCHTET,
Kadeapa apXiTeKTYpHUX KOHCTPYKIIIH,

? XapKiBChKHil HALIOHANBHHUIT YHIBEPCUTET MiChKOTO FOCIIONAPCTRA,
HaBuanbHO-HAYKOBUIA IHCTHTYT MiJrOTOBKH KaJIpiB BHIIOT KBaJTiikarlii

JAEAKI OCOBJIMBOCTI BIVIMBY JIEHIATHUX YACTOK
HA CTPYKTYPOYTBOPEHHS BETOHIB

© Tonmauwos C. M., Tonmauos /]. C., 2025

VY cTaTTi pO3MISHYTO BIUIUB JICHIAAHUX 3€PEH y CKIIa/li TpyOOro 3armoBHIOBa4Ya Ha BIACTUBOCTI BAYKKOTO
LIEMEHTHOr0 OETOHY, NPU3HAYEHOIO Uil TPAHCIIOPTHOTO Ta IPOMUCIOBOro OymiBHHITBA. SIKicTh rpyboro
3allOBHIOBAYa € OJHMM 13 BU3HAYaJbHUX (aKTopiB, IO (HOPMYIOTH CTPYKTYPY 1 JOBTOBIYHICTH OETOHY,
0CO0JIMBO y pa3i BUKOPUCTAHHA MICOCHIO 3 KBAPILUTIB 1 TPaHITIB, U SIKMX XapaKTepPHA ITiJBHIICHA KUTBKICTh
JIeNaiHUX 3epeH. Y poOoTi eKCepUMEHTAILHO JIOCIIHKEHO OETOHHI CyMillli, BUTOTOBJIEH] Ha mie0eH] (pakiii
5-10 MM Ta 10-20 MM 3 pi3HUM BMICTOM JielaaHUX 3epeH (Big 5 10 25 %).

BcranoBneHo, 1o mij Yac yIiiibHEHHsT OETOHHUX CyMillIel TpaJMIiiHO0 BiOpalli€ro JiemaaHi 3epHa
MaroTh TEHJICHIIIIO 10 TIEPEMILIICHHS Y BEPXHI IIapy OETOHY, Jie ITijl IXHBOIO MIOCKOIO MTOBEPXHEIO (POPMYIOTHCS
30HU MIABUIIEHOI oprucTocTi. ONTHYHA MIKPOCKOITISI TIOKa3aa, 10 31 30UIbIICHHSIM BMICTY JICIIATHUX 3epeH
LIMPYHA TIEPEXiHOI 30HU “3epHO — IIEMEHTHUH KaMiHb~ 3pocTae MaibKe BJBivi, a {laMeTp Mmop 30UIbLIYETHCS 3
1,010 1o 2,4x10™* m. Taxi MiKpOCTPYKTYpHi JeEKTH 3HIKYIOTh MIlHICTh HA 3TMH Ta CHPHSIOTH ITiIBH-
IIEHHIO BOJIOTIOTIMHAHHSL.

Pe3ynpTaTi BUIIPOOYBaHb CBITYaTh, IO 31 3POCTAHHAM KUTBKOCTI JICHMIAAHUX 3epeH Bia 5 % mo 25 %
MIIHICTh Ha CTHUCK NPAaKTUYHO HE 3MIHIOETHCS, TPOTE MILHICTh Ha 3TWH 3MeHmryetbess Ha 10-15 %.
Bononornunanus OeroHiB miaBumryetbes 3 1,8 % mo 3,6 %, mo cBimUMTH Mpo 30UTBIIEHHS BiAKPHUTOL
TIOPUCTOCTI Ta MOXJIMBE 3HIDKEHHS MOpO30CTidKocTi. OTKe, HAUIMIIKOBUA BMICT JICMIQJAHUX 3€pEH Y
3aIllOBHIOBAYl HEraTUBHO BIUIMBAE HA CTPYKTYPY KOHTAKTHOI 30HU Ta JIOBIOBIYHICTH OETOHY.

OTpuMaHi pe3yNbTaTH MarOTh PAKTHYHE 3HAUEHHS JUIsl ONTUMI3allii CKIlaxy OETOHIB, BUTOTOBJIEHHX Ha
MICIIEBHX 3allOBHIOBaYax, a TaKOX IS DPO3POOJIEHHsS pEKOMEHJAlliil IMI0J0 KOPHUI'YBaHHS IapaMeTpiB
BiOpOYIiNTbHEHHS OSTOHHHUX CyMilIeH 13 IMiABUIIEHUM BMiCTOM JIELI[aJHUX 3€PEH.

KirouoBi ciioBa: JiemagHi YacTHHKH, TpyOMii 3ani0BHIOBaY, ()OpMa 3epeH, CTPYKTYPOyTBOPEHHS,
MOBITPSIHI MOPH, MiLHICTB.



