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The article presents the peculiarities of obtaining superplasticized cementitious systems
“Portland cement — fly ash — superplasticizer” to find a rational provision of the given construction
and technical properties of concrete. It was studied the physico-chemical peculiarities of the hydration
processes of superplasticized cementitious systems. There were solved problems of directional
formation of the microstructure of cement stone. Research results show that the use of superplasticized
cementitious systems allows influencing the technological properties and kinetics of structure
formation and creating a dense and strong microstructure of the concrete cementitious matrix. The use
of superplasticized cementitious systems solves the problems of obtaining rapid-hardening self-
compacting concrete, which creates the possibility of using vibration-free technology of monolithic
concreting of structures.
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Introduction

A promising direction in monolithic construction for the creation of self-compacting concrete
with a rapid hardening is the use of superplasticized cementitious systems with high early strength (Shi,
Bo & Provis, 2019). Targeted regulation of the rheological parameters of cementitious systems and the
processes of their early structure formation is a prerequisite for the creation of new generation structural
materials with specified construction and technical properties (Szwabowski & Golaszewski, 2004).

Monolithic concreting requires the use of concrete mixtures of increased flowability with leveling
in heavily reinforced structures, spontaneous removal of entrapped air, preservation of uniformity and
elimination of delamination of components during placing and transportation. This leads to the use of
complex chemical and mineral additives. Self-compacting concrete is characterized by a multicomponent
composition, which requires to use chemical additives, in particular superplasticizers of the polycar-
boxylate type (PC). In order to ensure improved performance of structural materials, there is a need to
study the effect of PC on the properties and structure formation of Portland cement systems (Urban,
2018).

The purpose of the work is to study the processes of structure formation of superplasticized
cementitious systems “Portland cement — fly ash — polycarboxylate superplasticizer” for self-compacting
concrete in the early period of hardening, establishing the peculiarities of their hydration processes.

Materials and Methods

Portland cement CEM I 42.5 PJSC “Ivano-Frankivskcement”, fly ash of Burshtyn TPS (FA) and
superplasticizer of the polycarboxylate type (PC) were used for the preparation of superplasticized
cementitious systems during the experiments. With the use of X-ray phase analysis and scanning electron
microscopy, the peculiarities of the hydration processes of superplasticized cementitious systems were
investigated.
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Results and discussion

The basis of self-compacting concrete is a free-flowing paste that ensures high flowability of the
mixture without phase segregation during transportation and forming (Dvorkin, Bezusyak, Lushnikova &
Ribakov, 2012). The flowability of the paste improves with an increase in the thickness of the water layer
on the surface of the particles. Thus, in order to ensure high flowability of the paste based on CEM 1 42.5
and fly ash (the flow rate behind the Suttard cylinder, SC=320 mm), it is necessary to increase the amount
of mixing water to W/C=0.60 (Fig. 1). The authors established (Pang, Liu, Wang & An, 2022) that the
fluidity of cement paste can be estimated by the coefficient of relative fluidity of cohesive systems (1)
according to formula (1):

I:(W/C)/(WD)-0.876 (1)
' 0.774 ’
where W/C — water-cement ratio; WD — water demand.
The equation for evaluating the fluidity of cohesive systems shows that a Portland cement with a
high water content (W/C=0.60) is not cohesive (I, = 1.5) and is characterized by a bleeding of 3—5 %,
which causes its segregation. At the same time, the superplasticized Portland cement system containing

2 wt. % of PC (W/C=0.30) is cohesive (I, = 0.2) and flowable.
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Fig. 1. Effect of fly ash and polycarboxylate on the flowability
of Portland cement systems

As a result of the research, it was found that when the Portland cement system based on
CEM 142.5 and fly ash (W/C=0.30) is included, 0.25; 0.50; 1.0 and 2.0 wt. % polycarboxylate PC, the
flow rate behind the Suttard cylinder increases from 50 to 250; 285; 290 and 320 mm, respectively. The
main functions of fly ash in cement systems are to fill the intergranular space and improve rheological
properties due to its spherical shape (Lazniewska-Piekarczyk, 2014). With optimal dosing, FA reduces
the water demand of the cement system and increases its flowability (Aicha, 2020). This can be explained
by the fact that the spherical particles of FA perform the function of “rolling bearings”, reducing the
friction between the particles (Bitouri, Azéma, Saott, Lauten & Weerdt, 2022).

The initial W/C per unit volume determines the concentration of cement particles and the distance
between them until the moment of structure formation — the setting. The results of determining the setting
time of cement paste (1:0) based on CEM 1 42.5 and fly ash established that the introduction of 1.0 wt. %
PC with a simultaneous water-reducing effect (AW/C =37 %) slows down the initial setting time for
1 hour 40 min, and the finish — for 3 hours 20 min with a relatively uniform paste without additives
(Sanytsky, Kropyvnytska, Kirakevych & Rusyn, 2013). The greater the distance between the cement
grains, the later the initial and finish setting time occurs in the system without additives (Jamrozy, 2000).
Increasing the water demand of the cement system without additives from 0.30 to 0.60 causes the start of
hardening to be delayed to 6 h 40 min, and the end of hardening to 9 h 10 min (Fig. 2). The onset of
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hardening of the superplasticized Portland cement system in conditions of reduced water content
(W/C=0.24) is delayed to 4 h 10 min, and the end to 8 h 10 min. At the same time, the first stage of
structure formation of the paste without additives (W/C=0.30) takes place up to 3 hours. The introduction
of 2.0 wt. % PC does not extend the period between the initial setting time (Fic, 2019).

O finish

O indtial
§ 9-10 10-30
*g. 8-10
:
i 4-10 o i
= 6-40 50
5 e =
) A= : :

CEMI425 2% PC CEMI425 2% PC

(W/C=0.30) (W/C=024) (W/C=0.60) (W/C=030)

Fig. 2. Setting time of cement systems with polycarboxylate superplasticizer

Strength of paste based on CEM 1 42.5 (WD=0.30, SC =50 mm) under normal conditions
hardening after 2; 7 and 28 days is 29.9; 45.5 and 50.1 MPa. At the same time, for the superplasticized
Portland cement system (RC = 250-320 mm), the strength reaches to 31.9; 54.8 and 60.8 MPa,
respectively. The obtaining the necessary hardening speed and dense structure of self-compacting
concrete is achieved by using superplasticized binders with the following effects: high packing density of
cementitious system grains due to the use of highly dispersed compositions (physical optimization);
pozzolanic reaction when using fly ash (chemical optimization); by increasing the adhesion between the
cement matrix and the aggregate (optimization of the concrete mesostructure) (Kirakevych, Sanytsky &
Margal, 2020).

On the other hand, hardening of the superplasticized Portland cement system is accompanied by
significant loss of mass of the samples in the initial period. The amount of water remaining is insufficient
for hydration (Plugin, Kaliuzhna, Borziak, Plugin & Savchenko, 2021). Therefore, over time, the reverse
process of adsorption of water and carbon dioxide from the air is observed (Gotaszewski, 2017). A
decrease in the internal relative humidity leads to the emergence of capillary forces in the pores, which
lead to a decrease in the volume of the artificial stone (”self-dehydration” or “self-drying” process)
(Collepardi & Valente, 2006). Samples based on the superplasticized Portland cement system are
characterized by intensive changes in mass under different hardening conditions (Lukowski, 2016). As
can be seen from Fig. 3, the change in mass of paste samples under normal hardening conditions occurs
after 4 days. Thus, the mass loss of modified paste under normal conditions after 4 days of hydration is
3 times greater compared to the loss of paste based on CEM 1 42.5 and fly ash and is 7.5 %. After 28 days
of hydration, the increase in water content of the stone is 1.7 %.

It was established that the strength of paste based on superplasticized cementitious systems is
higher by 15-30 % compared to the paste based on system “CEM I 42.5 — FA” and is 29.9 MPa after
2 days. The strength of the paste after 28 days of hardening on the basis of CEM I 42.5 and fly ash is
50.1 MPa. When 0.25; 0.50; 1.00; 2.00 wt. % PC was introduced the strength increases to 58.5; 52.0;
59.8; 60.8 MPa, respectively.

Using the methods of physical and chemical analysis, the peculiarities of the hydration of cement
paste based on cement systems “CEM 1 42.5 — FA” and “CEM I 42.5 — FA — PC” were studied under
normal conditions (t=20+3 °C, ¢>95 %). The analysis of diffractograms shows (Fig. 4) that the main
products of hydration are ettringite (d/n=0.973; 0.561 nm) and portlandite (d/n=0.493; 0.263 nm). In
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diffractogram of the paste based on superplasticized cementitious system the intensity of the line of alite
(d/n=0.218 nm) decreases comparate to system “CEM 142.5 — FA”.
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Fig. 3. Change in mass of cement paste based on superplasticized
cementitious systems “CEM [ 42.5 — FA — PC”

[

[

Lo |

=

CH - Ca(OH)2

o e E - ettringite
LYl s} =
[ | (ol
L= =

0,218

e
[
-
o
Lo
e
L
=
rt
o
[
[

18 14 10 G

Fig. 4. Diffractograms of the paste:
1 —unhydrated CEM 1 42.5; 2-3 — hydrated 28 days, respectively,
on the basis of CEM I 42.5 — FA and superplasticized cementitious system
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The study of cement paste was carried out using electron microscopy after 28 days of hardening, It has
been established that the stone based on CEM 142.5 and FA is characterized by the presence of pores in which
the growth of hydration products, in particular, tangled crystals of calcium hydrosilicates occurs (Plank, Sakai,
Miao, Yu & Hong, 2015). A paste based on a superplasticized Portland cement system is characterized by a
rather dense microstructure with a small number of pores that have already become overgrown with hydration
products or are in the stage of overgrowth. The size of the crystals that make up the blocks reaches 10 um
(Fig. 5, a). From Fig. 5, b, it can be seen that the pore is covered by needle crystals of ettringite in the paste.
This allows us to assert the high efficiency of PC in superplasticized cement systems.

Fig. 5. Microstructure of paste based on superplasticized cementitious systems after 28 days of hardening

Analysis of microstructure formation shows that the use of superplasticized cementitious systems
compacts the cement matrix due to the formation of fine-crystalline ettringite crystals and pore clogging
with hexagonal portlandite crystals. This leads to a redistribution of porosity and an increase of paste
strength (Gamze Erzengin, Kaya, Per¢in Ozkorucuklu, Ozdemir, & Gizem, 2018).

Conclusions

Therefore, providing high rheological indicators of Portland cement systems requires the use of
polycarboxylate superplasticizers of a new generation. It was established that the use of fly ash and
polycarboxylate plasticizer provides high flowability and high strength properties. Modification of the
structure at the micro level (cementious matrix level) is an effective means of obtaining superplasticized
cementitious systems “Portland cement — fly ash — polycarboxylate superplasticizer”. This makes it
possible to control the flowability and kinetics of structure formation, to intensify the initial stages of
hardening, and to create a particularly strong and monolithic structure of superplasticized cementitious
systems for self-compacting concrete.

Prospects for further research

Optimized superplasticized cementitious systems “Portland cement — fly ash — polycarboxylate
superplasticizer” are recommended for obtaining eco-self-compacting concretes (Eco-SCC) with a rapid
increase in strength on their basis.
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MHOBEJAIHKA CYINEPIIJIACTU®IKOBAHUX HEMEHTYIOUUX CUCTEM
JJIA CAMOYIMUVIBHIOBAJIBHOT'O BETOHY
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VY crarTi HaBeJACHO OCOOJIMBOCTI OICpP)KAaHHSA CyNepiiacTU(iKOBaHUX I[EMEHTYIOUUX CHCTEM JIJIS
CaMOYIIUIBHIOBAJIFHUX OCTOHIB 3 INBUIKHM HAPOCTAHHSAM MIITHOCTI Ha X OCHOBI, IO TMOETHYIOTH 3HAHHS
3aKOHOMIPHOCTEH CTPYKTYpOYTBOPCHHS 1 MoAM(DiKyBaHHS MOPTIAHAIIEMEHTHUX KOMITO3MIIIN ‘TIOpTIaHI-
IIEMCHT — 30JIa BHHECCHHS — CyIepIuiacTU(ikaTop” A IMOIIYKY PalioOHaJbLHOro 3a0e3IeueHHs 3aaHuX
OyIiBENbHO-TEXHIYHUX BIACTUBOCTEH OETOHY.
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JocnimkeHno ¢i3nko-XiMi4HI 0COOIMBOCTI MPOLECIB TifpaTalii 1 TBEpAHEHHS CyNepIUIacTU(IKOBaHUX
LEMEHTYIOUMX CHUCTEM Ta BHPILIEHO MPOOJIEMH HarpaBieHOro (opMyBaHHS MIKPOCTPYKTYpPH IEMEHTHOIO
kameHto. OnepaHHs HEOOXiJTHOI MBUAKOCTI TBEPAHEHHS 1 HIUIBHOI CTPYKTYPH CaMOYIIIJIHHIOBAJILHOTO
OETOHY 10CATAETHCS 32 PaXyHOK BUKOPHCTAHHSI CYNepIuiacTH()iKOBaHUX B’ sDKYYNX 3 HACTYITHUMU €(DeKTaMH:
BHCOKOIO INIJIBHICTIO YNMaKyBaHHS 3€peH IIEMEHTYIOUOI CUCTEMH 3a PaXyHOK BUKOPHCTAaHHS BHCOKOJIHC-
MepCHUX KOMIO3UIIiH (Ppi3uuHa onTHMIi3allisl); MyIOJaHOBOIO PEAKIIEI0 MTPU BUKOPUCTAHHI 30JIM BUHECEHHS
(xiMiuHa omTHMi3alis); 30UIBIIECHHSM 3YEIUIEHHS MiX IEMEHTHOIO MAaTpHICI0 Ta 3aloBHIOBAYEM
(onTHMi3allis ME30CTPYKTYpH OETOHY).

PesynpraTamMu JOCHIDKEHb ITOKAa3aHO, IO BHKOPHCTaHHS CyNepruiacTH(iKOBaHUX NEMEHTYIOUUX
cUCTEM “TIOPTIAHUEMEHT — 30JIa BUHECEHHS — CyNepIuIacTH(dikaTop” M03BOJISIE BIUIMBATU HA TEXHOJIOTIYHI
BJIACTHBOCTI Ta KIHETUKY CTPYKTYPOYTBOPEHHS i CTBOPUTH IIUIBHY Ta MII[HY MIKPOCTPYKTYPY LIEMEHTYIOYOi
Matpuui 6etony. [Ipu onTumanbHOMY J103yBaHHI 30J1a BUHECEHHSI 3HIKYE BOIONOTPEOY LIEMEHTHOI CUCTEMHU
i 30utbLIye i1 pyxnuBicTe. lle mosicHIOeThCS TUM, MO cEepUYHI YACTHHKK 30JIM BUHECEHHS BUKOHYIOTH
¢GyHKIIIO “HiANMIHAKIB KOYEHHS’, 3MEHIIYIOYM TEpTsSd MiX YaCTHHKaMH. 3aCTOCYBaHHS palliOHAJIBHO
migiopaHux cynepruiacTu(ikoBaHUX IIEMEHTYIOUMX CHCTEM BHPIIIYE MPOOJIEMHU OJEpKaHHS LIBHIKOTBEP.I-
HYYUX CaMOYILIUIbHIOBAILHUX OETOHIB, IO CTBOPIOE MOXKJIMBICTh BUKOPUCTAHHS 0€3BiOpaIliifHOI TEXHOIOTIT
MOHOJIITHOTO OETOHYBaHHS KOHCTPYKIIiH.

Knro4oBi cioBa: mopTiaHAlEeMeHT, cymepiuiacTH(QIKaTop, 30Ja BHHECCHHs, CyIepIlIac-
TH(iKOBaHi HeMEHTYI0Ui CHCTEMH, CAMOYIIITbHIOBAIBbHI 0€TOHM, IIBHIKE HAPOCTAHHS MII[HOCTI.



