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This paper presents the properties of fresh and hardened self-compacting concrete (SCC)
containing supplementary cementitious materials, such as complex sulphoaluminosilicate additive
based on the metakaolin and gypsum, fly-ash and limestone microfiller. If sufficient gypsum is present
the main hydration products in unclinker part is a thin crystals of ettringite. Ettringite is formed by a
topochemical reaction in a closed space at the beginning of the formation of the cement matrix, which
ensures the compaction of SCC. This is one of the major causes of increasing of the early strength of
SCC containing supplementary cementitious materials. The SCC containing supplementary cemen-
titious materials are characterized by such properties as obtaining workability concrete mixtures
(slump flow 650-730 mm), high viscosity (T50=5-13 s), high strength (58-95 MPa), low porosity, high
reliability and durability of structures.
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Introduction

During the operation of reinforced concrete products, in order to avoid damage to the
reinforcement, diagnostics of the stress-deformed state of structures should be performed (Blikharskyy,
Khmil, Selejdak, Katunsky, Blikharskyy, 2024). In monolithic structures with using concrete pumps high
workability concrete mixtures are used. One of the most important properties of concrete mixture is its
increased workability, which is due to the peculiarities of its transportation and laying technology, as well
as the need to concrete the heavily reinforced structures (Sanytsky, Usherov-Marshak, Marushchak &
Kabus, 2021). In this regard, the use and research of modified cement systems with the use of
supplementary cementitious materials that provide the necessary rheological properties is of great
practical interest (Sanytsky, Kropyvnytska, Heviuk, Sikora & Braichenko, 2021).

The water-cement ratio is directly related to the the hardening process of implementation. At the
same time, for the creation a dense structure with high strength paste, it is necessary to provide hardening
conditions, which is determined by low value of W/C (Sohail, Kahraman, Nuaimi, Gencturk & Alnahhal,
2021). Therefore, in order to achieve increased workability of Portland cement systems, highly effective
new generation type of superplasticizers are added, which determines the need to study the processes of
their structure formation, as well as the formation and genesis of the microstructure of cement paste
(Aicin, 2003; Nivin, Jedrzejewska, Varughese & James, 2022).

Freshly placed concrete contains more water than it is necessary for complete hydration of cement,
however, in most cases, in production conditions, already in the initial periods of hardening, a significant
amount of water is lost due to evaporation, which leads to insufficient strength, increased porosity and
deterioration of the structures and technical properties of concrete (Jasiczak, Wdowska & Rudnicki, 2008;
Haufe, Vollpracht & Matschei, 2021). The use of supplementary cementitious materials, such as
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metakaolin or fly-ash makes it possible to increase the time of preservation of the ease of placing of the
concrete mixture without significant impact on the terms of hardening of concrete (Switonski, Mrozik &
Piekarski, 2004; Chousidis, Rakanta, loannou & Batis, 2015). Among the numerous advantages of using
of some supplementary cementitious materials the following should be highlighted: a significant
reduction in the amount of mixing water; the possibility of pumping of concrete mixtures over long
distances; high workability of the concrete mixture without segregation; sufficient time for placing fresh
concrete mixtures; high early and later strength, density and durability of concrete (Runova, Gots,
Rudenko, Konstantynovskyi & Lastivka, 2018; Valcuende, Lliso-Ferrando, Ramoén-Zamora & Soto,
2021). Therefore, it is advisable to investigate the effect of supplementary cementitious materials on the
properties of fresh concrete mixture and hardened self-compacting concrete on their basis (Sanytsky,
Kropyvnytska, Vakhula & Bobetsky, 2024; Krivenko, Petropavlovskyi & Kovalchuk, 2018).

The aim of this study is of properties of fresh and hardened self-compacting concretes containing
supplementary cementitious materials.

Materials and methods

Ordinary Portland cement CEM 142.5 was used. Complex chemical admixtures (CCA) based on
polycarboxylate type superplasticizer (PC) and alkali-metal salts (NaCNS and Na,S,03) were included in
self-compacting concretes as modifiers. Limestone (LM) was used as microfiller and fly ash (FA),
complex sulphoaluminosilicate additive (G) based on the metakaolin and gypsum were used as
supplementary cementitious materials.

The workability of concrete mixtures was determined as the average of slump flow and the
viscosity as the measure T50 time when the 500 mm circle is first reached.

Physico-mechanical tests of supplementary cementitious materials and concretes on their basis
were carried out according to usual procedures. The evaluation of the properties of supplementary
cementitious materials was carried out through a flowing and compressive strength tests. The physico-
chemical analysis (electron microscopy) were used for investigation of supplementary cementitious
materials hydration processes.

Results and discussions

The particle size distributions of CEM 142.5, limestone microfiller, fly-ash and complex
sulphoaluminosilicate additive are shown in Table. The limestone microfiller contains 60.1; 83.3 and
99.9 mass.% of particles with the size < 10; 20 and 60 um correspondingly. The metakaolin additive
contains 31.2; 56.0 and 90.0 mass.% of particles with the size < 10; 20 and 60 pm correspondingly. It
should be noted that Portland cement CEM I 42.5 contains 10; 50 and 90 mass.% of particles with the
size < 7.0; 18.7 and 50.7 pm correspondingly.

The characteristics of particle size distribution of Portland
cement and supplementary cementitious materials

Material <10 <20 <60 Do, Do, Do,
um um um um um um
CEM 1425 25.32 | 52.80 | 94.60 | 7.00 18.70 50.70
Limestone 60.10 | 83.30 | 99.90 | 1.40 7.80 25.00
Metakaolin 31.20 | 56.00 | 90.00 | 2.30 16.70 58.00
Fly-ash 31.60 | 50.50 | 77.52 | 5.00 19.63 140.10

According to (Sanytsky, Rusyn, Kirakevych & Kaminskyy, 2023), the microstructure with finely
dispersed hydrosilicates in cement paste has a positive effect on its strength; the presence of large-
crystalline blocks of portlandite, hydroalumoferrites, calcium hydrosulfoalumoferrites in the
microstructure negatively affects the strength of the paste. To increase the strength of cement paste, it is
necessary to reduce the number and sizes of coarse-crystalline blocks of portlandite, hydroalumoferrites,
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calcium hydrosulfoalumoferrites in its microstructure, and simultaneously increase the amount of finely
dispersed component, which results in a decrease of the water-cement ratio and more compact placement
of the initial cementing grains in the "cement-water" system due to the use supplementary cementitious
materials (Borziak, Plugin, Chepurna, Zavalniy & Dudin, 2019).

For the studied sample based on CEM 142.5 with supplementary cementitious materials (6-
20 mass.%) and without chemical admixtures, which hardened in air-dry conditions, the presence of a
large number of pores is characteristic (Fig. 1, a). In addition, there is a large amount of finely dispersed
amorphous hydrosilicate phases, which surround cement grains (Kropyvnytska, Sanytsky, Rucinska &
Rykhlitska, 2019). During hardening in air-dry conditions, a small amount of hexagonal plates of calcium
hydroxide is observed in some places (Kirakevych, Sanytsky, Shyiko & Kagarlitskiy, 2021).

The addition of complex chemical admixtures based on polycarboxylate type superplasticizer and
alkali-metal salts in the amount of 1.0 mass.% contributes to some compaction of the structure, but the
porosity is still significant. Well-formed aggregates of Ca(OH), hexagonal plates are observed in some
places of the sample with the addition of complex chemical admixtures (Fig. 1, b). In air-dry conditions,
in the structure of the studied sample with supplementary cementitious materials and complex chemical
admixtures, pores are overgrown with needle-like crystals of calcium hydrosilicates and long prismatic
crystals of ettringite (Gots, Berdnyk, Lastivka, Maystrenko & Amelina, 2023).

For the studied sample based on CEM I 42.5 with supplementary cementitious materials (6-
20 mass.%) and without chemical additives during hardening under normal conditions, the presence of a
small amount of pores is characteristic. It is known that pores are open and closed. Pores of the first type
are initially formed between cement grains, which are in a limited geometric volume. Under normal
conditions of hardening, they are filled with water and growth of hydrate compounds occurs in them,
primarily tangle-fibrous crystals of calcium hydrosilicates (Fig. 1, ¢). Other pores are characterized by the
presence of a large number of hexagonal prismatic crystals and their drusen. The surfaces of these crystals
are not clear, which indicates their growth from solution (Valcuende, Parra, Marco, Garrido, Martinez &
Cénoves, 2012).

The paste based on CEM 142.5 with supplementary cementitious materials (6-20 mass.%) and
complex chemical admixtures (1.0 mass.%) based on polycarboxylate type superplasticizer and alkali-
metal salts during hardening under normal conditions is characterized by a rather dense microstructure
with a large number of pores that are either already overgrown with hydrated formations or are in the
stage of overgrowth. It is important to have parallel oriented prismatic, lamellar and fibrous crystals with
perfect cleavage in the direction of their growth (Ting, Wong, Rahman & Meheron, 2021). The size of the
crystals that make up the blocks can reach up to 10 um. Their splitting takes place in different ways:
along the cleavage plates and across (Sun & Wu, 2022).

It should be noted that with the time of hardening, the gradual growth of these crystals into
polysynthetic twins, differently oriented in the volume of the paste, occurs. A rhythmic layer-by-layer
crystallization of compounds occurs in a similar way on each grain of the binder (Fig. 1, d). The
microstructure of the studied cement paste is characterized by the presence of pores that are almost
completely overgrown with fibrous crystals of calcium hydrosilicates, as well as short prismatic
hexagonal crystals of Ca(OH), (Shi, Shi, Zhao & Wan, 2015).

The morphology, crystal structure and composition of hydration products can be very different.
With sufficient gypsum (as a component of the complex sulphoaluminosilicate additive) under favorable
conditions, ettringite is the main hydration product in the unclinker part. At the same time, ettringite
crystals are small, since ettringite was formed in a closed space by a topochemical reaction only after the
formation of the cement matrix. Ettringite is formed in the form of thin crystals, which ensures the
compaction of the SCC cement matrix. This is one of the main reasons for increasing the early strength of
SCC based on supplementary cementitious materials (Ivashchyshyn, Sanytsky, Kropyvnytska & Rusyn,
2019).
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Fig. 1. SEM images of cement paste with supplementary cementitious materials \
in air-dry conditions (a, b) and in normal conditions (c, d) after 28 days

The using complex chemical admixtures and supplementary cementitious materials provide the
increasing of slump flow of concrete mixture up to 650 mm (with complex sulphoaluminosilicate
additive). The concrete mixture with using limestone microfiller characterizes the highest flowability
730 mm (Fig. 2, a). This is due to the fact that it ensures the optimal distribution of particles of
supplementary cementitious materials, as a result of which water is not located in the voids, but between
the grains of the material, acting as a lubricant, which creates excellent conditions for the gliding of
particles, minimizing internal friction and increased flowability with the same W/C ratio (W/C=0.35)
(Looney, Leggs, Volz & Floyd, 2022). It should be noted that the high-flowable concrete mixture with fly
ash is characterized by the TS50 time when the 500 mm circle is first reached is 5 s, with limestone
microfiller and with complex sulphoaluminosilicate additive — 6 and 13 s respectively.
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Fig. 2. The slump flow (a) and viscosity (b) of concrete mixtures based
on limestone microfiller (LM) and supplementary cementitious materials
(G — complex sulphoaluminosilicate additive based on metakaolin, FA — fly ash)
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Dispersed limestone microfiller and supplementary cementitious materials provide compaction of
the concrete matrix due to the effect of "fine powders" and an increase in strength as well as play an
active structure-forming role due to the creation of additional hydrated phases. These compounds are
hydrosilicates of the CSH (B) type, structurally active AFm-phases — calcium hydrocarbonates and AFt-
phases — ettringite, which are characterized by binding properties in the composition of the unclinker part.
Strength of concrete (C:S:G=1:1,52:2,04) with complex sulphoaluminosilicate additive and limestone
microfiller after 2; 7 and 28 days of hardening is respectively 59.0; 67.0 and 68.0 MPa (Fig. 3) and with
the additive of limestone microfiller 77.1; 80.1; 89.0 MPa, what gives the reason to attribute these
concretes to rapid-hardening high strength concretes based on self-compacting mixtures.
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Fig. 3. Compressive strength of self-compacting concretes based
on supplementary cementitious materials

The SCC with using limestone microfiller and supplementary cementitious materials (complex
sulphoaluminosilicate additive and fly-ash) are characterized by dense structure and high technical
properties.

Conclusions

Limestone microfiller and supplementary cementitious materials, such as complex
sulphoaluminosilicate additive (based on the metakaolin and gypsum) and fly-ash have been researched
for its further application in self-compacting concrete. The SCC (C:S:G=1:1,52:2,04) on the basis of
supplementary cementitious materials with polycarboxylate type superplasticizer (PC) and alkali-metal
salts are characterized by such properties as obtaining mobile concrete mixtures (increasing of slump flow
of concrete mixture up to 650-730 mm), high viscosity (time to get the slump flow of 500 mm T50=5-
13 s), high early strength and strength after 28 days — 89-95 MPa (class C50/60), low porosity, high
reliability and durability of structures.

Prospects for further research

Highly dispersed mineral additives of pozzolanic action provide binding of portlandite in C-S-H
phases, which contributes to the colmatations of pores with the age of hardening, such a structure of
cement paste in concrete ensures an increase in its properties. During the hydration process in the
superplasticized cement matrix with supplementary cementitious materials in the unclinker part, there is a
process with the formation of ettringite crystals by a topochemical reaction, which ensures the
compaction of the cement matrix of the SCC. The use of supplementary cementitious materials for self-
compacting concrete will contribute to the design of structures of buildings with high strength, low
porosity, high reliability and durability.
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LI. KipakeBnu
HarrionansHuit yHiBepcHTET ,,JIbBIBChKA TONITEXHIKA”,
kadeapa OyaiBETBHOTO BUPOOHHUIITBA

BJACTUBOCTI CBIZKO3A®OPMOBAHOI'O TA 3ATBEPA1JIOI'O CAMOYIIIJIBHIOBAJIBHOI'O
BETOHY, IO MICTUTH JOJATKOBI HEMEHTYIOUI MATEPIAJIN
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VY craTTi nmpeAcTaBieHi BIACTHBOCTI CB1Xk03a(hOPMOBAHOrO Ta 3aTBEPIINIOrO CaAMOYIIIIbHIOBAIEHOTO
OeTOHY, 1110 MICTHTh BAITHIKOBUI MiKpOHAIIOBHIOBAY Ta J0/ATKOBI IEMEHTYIOUI MaTepiajn, TaKi sK 100aBKa
aJFOMOCHITIKaTHA TOOAaBKa HAa OCHOBI METaKaoliHy Ta rincy, 3oma-BuHeceHHs. [1ix ac mporecy rigparamii B
LEMEHTHIM MaTpHlli 3 IOAaTKOBUMH IIEMEHTYIOUMMH MaTepiajaMHd B HEKJIIHKEpHIH 4YacTHHI BiOYyBa€ThCs
peakiisi 3 YTBOPEHHSIM KPHCTAJIB €TPUHIITY ILISXOM TOMOXIMIYHOI peakiii, mo 3ade3nedye YIiIbHEHHS
CaMOYIITBHIOBAILHOTO OeToHy. Mopdoorist, KpUcTalliYHa CTPYKTypa 1 CKJIajJ TNPOAYKTIB TigpaTaril
MOXXYTh OYTH ye pi3HUMU. [IpH HassBHOCTI TOCTATHBOI KiJIBKOCTI TIlCy (K KOMIIOHCHTA aJTFOMOCHIIKATHOT
J00aBKM) OCHOBHHM IIPOAYKTOM TifpaTamii B HEKJIIHKEpHiH 4acTWHI € KpucTanu erpuHrity. L{i kpucranu
ETPUHTITY € JIPiOHUMH, TOMY IO BOHHM YTBOPWJIUCS B Pe3yJbTaTi TOMOXIMIYHOI peakiii B 3aMKHYTOMY
MIPOCTOPI IIiJ] 4aC YTBOPEHHS IEMEHTHOI MaTpuLli. ETPHUHTIT yTBOPIOETHCS Y BUTIISII TOHKHX KPHCTAJIIB, IO
3a0e3neuye YIIIBHEHHsS] IIEMEHTHOI MaTpHlli Ta € OJHICI0 3 OCHOBHHMX MPWUYWH ITiJBUINCHHS pPaHHBOL
MIIIHOCTI CaMOYIIIJTBHIOBAILHOTO OETOHY, IO MICTHTh JOAATKOBI IIEMEHTYIOYi Martepianu. YTBOPEHHS
BTOPUHHOT'O JIPiOHOMUCIIEPCHOTO ETPUHTITY TPH B3a€EMOMIl aKTUBHOTO OKCHJIY AIIOMIHIIO 3 KaJbIiIO
T1IPOKCHIOM Ta JBOBOJHHM TilICOM B HEKJIIHKEPHIH YaCTHHI B’SHKYYOrO 32 paXyHOK TOMOXIMIYHUX peakIii
3a0e3neuye KOMIIEHCAIII0 YCaJKU Ta MPUPICT MIIHOCTI IEMEHTYIOUYOi CUCTeMH. BUKOpUCTaHHS JOAATKOBUX
LEMEHTYIOUMX MaTepiajiiB B CKJIaji CaMOYIIJILHIOBAJILHOIO OETOHY 3a0e3reuye ojiepKaHHsS BHCOKOPYX-
JUBUX OCTOHHMX CyMilrel (pO3IUIMB KOHyca OCTOHHOI cyMimli cTaHOBUTH 650-730 MM) BHCOKOI B’SI3KOCTI
(uac orpumanHs po3muBy 500 MM cTaHOBUTH 5-13 ¢), a 3aTBEpisli OETOHM Ha X OCHOBI XapaKTEPU3YIOThCS
BHCOKOIO MirHicTIO (58-95 MIIa), HH3BKOIO MOPHUCTICTIO, BHUCOKOK HAMINHHICTIO 1 IOBrOBIUHICTIO
KOHCTPYKIIH.

Karw4oBi cioBa: caMoymIiibHIOBaJIbHUN OETOH, MOJATKOBI LEMEHTYIOUI Marepiald, MEeTaKaoliH,
30J1a BUHECEHHSI, BAITHAKOBUI MiKPOHAIIOBHIOBAY, MMOJIKaApOOKCUIIATHUI TIacTU(IKaTOp.



