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Abstract. The performance of fine-grained concrete strongly depends on chemical ad-
mixtures, yet the combined effect of superplasticizers and air-entraining agents on early hy-
dration and strength remains insufficiently understood. This study evaluates the influence of a
polycarboxylate-ether superplasticizer (PS) and an air-entraining admixture (AER), applied
separately and in combination, on the hydration kinetics, compressive strength, and micro-
structure of fine-grained concrete. PS (0.5—1.5 % by mass of cement) and AER (0.10-0.30 %)
and their combinations were tested against a control paste at W/C = 0.28. Early-age hydration
was assessed by temperature-evolution monitoring, determining the maximum hydration tem-
perature (Tway) and the time to peak (twa), compressive strength was measured at 7 and 28
days, and the microstructure was examined by SEM. AER progressively reduced Ty (by up to
17.8 %) and delayed hydration (twa up to +52.7 %). PS at an optimal dosage of 1.0 % produced
the highest Tax (87.5 °C), while combined PS—AER systems showed the strongest retardation
(tmax up to 18.89 h). PS increased compressive strength by up to 33.2 % at 7 days, whereas AER
alone markedly reduced it. The optimal combination SA0.1 (1.0 % PS + 0.10 % AER) reached
27.3 MPa at 7 days and 34.0 MPa at 28 days. SEM revealed a denser C—S—H network for PS-
modified samples and characteristic spherical air voids in AER-modified ones. Overall, a su-
perplasticizer at 1.0 % combined with a low AER dosage (0.10 %) optimally balances hydra-
tion, strength, and microstructure.

Keywords: fine-grained concrete, polycarboxylate ether superplasticizer; air-entrain-
ing admixture; hydration kinetics; temperature evolution; compressive strength, microstruc-
ture.
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Annarna. ¥cax myuipwikmi 6emoHHbIH Kacuemmepi XUMUSIIbIK — KOCHANaped
aimapnvikmau mayenoi, anauoa cynepniacmu@ukamopiap mMex aya mapmgblid KOCnaiapobly
epme eudpamayus MeH Oepikmikke OIpikKeH acepi ani dcemkinikmi 3epmmenmezen. byn
JdcyMuicma noaukapookcunam 3@upi neeizinoezi cynepniacmugpuxamopowiy (PS) sicone aya
mapmxviul Kocnanviy (AER) oicexe scane Oiprecken mypoe ycax myuwipulikmi OemoHHbiH
auopamayus KUHEMUKACbIHG, Cbleblly Oepikmicine CoHe MUKPOKYDBLILIMbIHA —2cepi
bazananovl. PS (yemenwm maccacvinan 0,5—1,5 %) ocone AER (0,10—0,30 %), comoaui-ax
onapoviy xkombunayusiaper W/C = 0,28 O6oramuin 6Oaxvliay yemeHm KaMblpbIMeH
canvicmolpoliovl. Epme  cudpamayus memnepamypanvly —e32epyin  6axwliay —apKbiibl
bazanausin, Makcumanovl euopamayus memnepamypacsl (1max) HcoHe WbIHEA dHcemy YaKbimbl
(tmay) AHLIKMANObL, Cbieblly Oepikmici 7 odcoHe 28 mayiikme OAULCHIN, MUKDOKYDOLIbIM
CcKauepeywi s31ekmporosvl mukpockonusi (SEM) a0icimen 3epmmendi. AER memuepi apmyan
cativth Tyax MoHIH memendemin (17,8 Yo-2a Oetlin) dscane eudpamayusnsl Keueyindemmi (tmax
52,7 %-ea oetiin apmmot). Oymatinel momuepi 1,0 % bonamein PS ey orcozapol Tia: MoHin (87,5
°C) xepcemmi, an bipikmipineen PS—AER ocyiienepi ey kammol keuteyinoeyoi oaukammul (tmax
18,89 casamxka Oeiiin). PS cwizviny Oepixmiein 7 maynikme 33,2 %-2a Oeiiin apmmuipovl, an
AER oicexe Kondauwinzanoa onuvl aumapnvikmaii memenoemmi. Oymatinot SA0.1 (1,0 % PS +
0,10 % AER) xombunayuscol 7 maynikme 27,3 MIla socone 28 maynikme 34,0 MIla 6epixmixxe
ocemmi. SEM PS-nen mypnenodipineen yneinepoe muievizvipay C—S—H oicenicin, an AER-men
mypreHdipineen yncinepde cgepanvix aya xyvicmapvin xopcemmi. Kamnwi, 1,0 %
cynepnaacmughuxamopovt memen AER momuepimen (0,10 %) 6ipikmipy ycax myuipuixmi
OemonHbly SUOPAMAYUACHIH, OEPIKMISIH JCoHE MUKPOKYDLLILLMbIH OHMALLIbL MeH2epeoi.

Tydinai cesmep: ycax myiipwikmi 6emon; noaukapdoxcunram dS¢Qupi HeziziHoeel
Cynepniacmu@uKkamop, aya mapmysiui KOCna, uopamayisi KUHemuKacyl, memMnepamypaisly
960MIOYUSL, KbICLIMEA DePIKMIK, MUKDOKYDLIbLM.
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BrIbHIOCCKUM TeXHUYECKUI YHUBepcuTeT umenu ['equmunaca, LT-10223, Bunbstoc, JIutea

Annoranus. Ceoticmea MeiKo3epHUCmo20 bemona CyWecmeeHHo 3d8UCIM OM XUMU-
yeckux 000a80K, 0OHAKO COBMECTNHOe IUAHUe CYNEPNIACMUPUKAMOPO8 U 8030YX0B08IEKA-
IOWUX 000AB80K HA PAHHIOW 2UOPAMAYUIO U HPOYHOCTD UZYHUEHO HedOCMAmouHo. B nacmos-
well pabome oyeHUBAEMCs GIUAHUE CYNEPNIACTUPDUKAMOPA HA OCHO8E NOMUKAPOOKCUIAM-
Hoix a¢hupos (PS) u so3zdyxososnexarowetl dobasku (AER), npumensemvix no omoenbHocmu
U 8 KOMOUHAYUU, HA KUHEMUK)Y 2UOpamayuu, nPOYHOCHb NPU COCAMUY U MUKPOCTPYKINYPY
Mmenxozeprucmozo bemona. J{obaexu PS (0,5—1,5 % om maccoer yemenma) u AER (0,10-0,30
%), a makdce ux KOMOUHAYUU CPABHUBANU C KOHMPOJbHBIM YemeHmHbIM mecmom npu W/C
= 0,28. Pannioio cudpamayuro oyerusaiu no UsMeHeHuto memnepamypsl, onpeoesis MaKcu-
manvHyro memnepamypy euopamayuul (Tyay) U 8pemsa docmudicerusi NUKa (tmax); NPOHHOCMD
npu cocamuu usmepanu 8 gospacme 7 u 28 cymox, a MUKpOCmMpyKmypy Uccieo08aiu Memo-
oom COM. C ysenuuenuem 0o3uposxu AER cuuscan Tma: (00 17,8 %) u 3ameonan eudpama-
Yuro (tmax 803pacman 0o 52,7 %). Cynepnaacmuguxamop PS npu onmumanvroil 0o3uposke
1,0 % obecneuun Hauborouyro Tmax (87,5 °C), mozoa kax kombunuposanrvie cucmemsvi PS—
AER noxasanu naubonee gvipasicennoe 3ameonenue (tnax 00 18,89 u). PS noswviwan npou-
Hocmb npu corcamuu 00 33,2 % 6 sozpacme 7 cymox, mozoa kak AER npu camocmosimenvHom
npumenenuu 3amemno eé cuudicar. Onmumanvras komounayus SA0.1 (1,0 % PS + 0,10 %
AER) oocmuena npounocmu 27,3 Mlla 6 éo3pacme 7 cymoxk u 34,0 Mlla — 28 cymox. COM
svissuna bonee niommuyio cemxy C—S—H y obpasyos ¢ PS u xapaxmepuvie cghepuueckue 603-
Oyurwle nopwl y oopaszyoe ¢ AER. B yenom, cynepnaiacmugpuxamop npu 1,0 % ¢ couemarnuu
¢ nuskou oosuposkou AER (0,10 %) onmumanvho ypagnosewusaem 2uopamayuro, npoy-
HOCMb U MUKDOCIMPYKIMYPY.

KniwoueBble ciioBa: menxoseprHucmulii Oemon, Cynepniacmu@ukamop Ha oCHo8e No-
JUKAPOOKCUNATNHO20 3upa, 6030yX08amens, KUHEMUKA 2u0pamayuu,; memnepamypHast 360-
JIOYUsL, NPOHHOCTb HA coicamue; MUKPOCMPYKmypa.
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1 INTRODUCTION

Fine-grained concrete remains one of the most widely used construction materials in modern
building practice due to its high workability, structural homogeneity, and broad range of applications.
Improving the performance characteristics of such systems is primarily achieved through chemical
admixtures, among which polycarboxylate ether-based superplasticizers and air-entraining admix-
tures hold a special place [1-3].

Polycarboxylate ether-based superplasticizers provide effective dispersion of cement particles
through an adsorption-steric mechanism, reduce the water demand of the mixture, and contribute to
the formation of a dense and homogeneous cement matrix [4—6]. Studies have established that the
molecular structure and dosage of superplasticizer have a decisive influence on the rheological prop-
erties of cement paste, the adsorption behavior of polymer molecules on the surface of clinker phases,
and the kinetics of early hydration [7; 8]. At optimal dosages, the superplasticizer intensifies hydration
processes by improving particle wetting and creating favorable conditions for nucleation of hydrate
phases, whereas exceeding the optimal concentration may lead to retardation of hydration due to
excessive adsorption onto the surface of CsS and CsA [9; 10]. The use of complex mineral and
chemical modifiers is an effective way of controlling the structure formation of the cement matrix
and improving concrete performance [11; 12].

Air-entraining admixtures reduce the surface tension of mixing water and ensure the formation
of a stable system of uniformly distributed microscopic air voids within the cement matrix [13]. The
introduction of air-entraining admixture significantly alters the pore structure of hardened cement
paste, which is directly reflected in the mechanical characteristics of the hardened material [14; 15].
At the same time, the influence of air-entraining admixture on the kinetics of exothermic hydration
reaction of cement, in particular on the time to reach maximum temperature and the intensity of heat
release, is considerably less covered in literature comparing to studies of its effect on fresh mixtures
and hardened concrete [16; 17].

The combined use of a superplasticizer and an air-entraining admixture in cementitious systems
is of particular scientific and practical interest, since these admixtures exert opposing effects on the
formation of cement stone structure. On the one hand, the superplasticizer densifies the matrix and
increases strength; on the other hand, the air-entraining admixture forms a pore system that reduces
the material's mechanical properties [18; 19]. The interaction of superplasticizer molecules with sur-
face-active substances in air-entraining admixtures can affect the stability of entrained pores and the
intensity of hydration processes; systematic studies in this area remain limited to date [20; 21].

Microstructural investigations by scanning electron microscopy confirm that the type and dos-
age of chemical admixtures have a decisive influence on the morphology of hydration products, the
packing density of C—S—H gel, and the character of pore space in hardened cement paste [6; 7]. At
the same time, the relationship between the exothermic hydration profile, microstructural develop-
ment of the system, and the resulting compressive strength of concrete, depending on the dosage of
superplasticizer and air-entraining admixture, remains insufficiently studied, indicating the existence
of a significant scientific gap [22-24].

Similar approaches, in which the properties of cement-based materials are governed by chemi-
cal admixtures and the water—cement ratio, have been reported for various cementitious systems,
including the microstructural analysis of modified cement [25] and the study of surface-active agents
together with the water—cement ratio in concrete [26].

The present work aims to fill this gap through a systematic two-stage experimental program. In
the first stage, the influence of a superplasticizer and an air-entraining admixture on the kinetics of
early cement paste hydration was investigated using the exothermic analysis method. In the second
stage, the influence of the same admixture combinations on the compressive strength of fine-grained
concrete at 7 and 28 days was evaluated. Microstructural observations using scanning electron mi-
croscopy were conducted to confirm and interpret the results obtained.
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2 MATERIALS AND METHODS

2.1 Materials

CEM I 42.5 N Portland cement, meeting the requirements of EN 197-1:2011, was selected as
the main binding component. The phase composition was characterized by a predominance of alite
(CsS — 58.54%), with belite (C.S — 15.29%), aluminate (CsA — 10.4%), and ferrite (C4sAF —
10.17%) phases present in smaller proportions. Setting characteristics were assessed in accordance
with standard procedures: the initial and final setting times were recorded at 139 and 185 min, re-
spectively. Particle size analysis revealed a distribution spanning from 0.1 to 70 um, with percentile
values of dio = 0.69 um, dso = 8.31 um, and deo = 31.89 um. The corresponding particle size distribu-
tion curve is shown in Figure 1.

= Frequency (%) il ative (%)

HISTOGRAM VALUE (%)
SN

N
CUMULATIVE VALUE (%)

oo
01 03 0,7 2 5 E 15 26 40 &0

Figure 1 — Particle size distribution of CEM 1 42.5 N Portland cement.

A polycarboxylate ether-based superplasticizer (PS), Sika ViscoCrete 20HE KZ, was used to
reduce water demand and enhance workability of the fine-grained concrete mixtures. The admixture
is a modified polycarboxylate ether composition with a density of 1.07 + 0.02 g/cm? and a pH of 4—
6. It provides up to 40% water reduction and does not contain chlorides or other corrosion-inducing
substances.An air-entraining admixture (AER), Sika Aer Solid, was incorporated to improve freeze—
thaw resistance by forming a stable, uniformly distributed air-void system within the cement matrix.
The admixture is based on a complex of surface-active substances, with a density of 1.00 = 0.02 g/cm?
and a pH of 6-9.

Natural quartz sand from the Kapchagay deposit was used as fine aggregate. The sand had a
fineness modulus of 2.66, a particle density of 2620 kg/m?, and a bulk density of 1630 kg/m?. The
clay and dust content did not exceed 0.9%, and the water demand was 5.4%. The chemical composi-
tion of the sand is dominated by SiO: (56.67%) and Al2Os (13.24%), confirming its aluminosilicate
nature, as shown in Table 1.

Table 1 - Chemical composition of Kapchagay sand (wt.%) [Author’s material].

Na:O MgO Al0Os SiO: P20Os K0 CaO Ti0: MnO Fe20s BaO LOI
2.87 4.71 13.24 56.67 022 2.01 8.73 0.93 0.11 6.70 0.09  2.69

Potable water complying with the requirements for concrete mix preparation was used through-
out the study. The temperature of the mixing water was controlled and maintained at 21.9 + 0.5 °C to
ensure consistent hydration conditions across all tested compositions.
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2.2 Mixture design

The experimental program was structured in two consecutive stages.

In the first stage, cement paste systems without fine aggregate were prepared to evaluate the
influence of PS and AER on early hydration kinetics. The exothermic behavior of the investigated
pastes was assessed using the ALCOA methodology by recording temperature evolution during the
first 24 h of hardening. Specimens of 1.5 kg were placed in insulated 100 x 100 x 100 mm textolite
molds at 20 °C. A type T thermocouple embedded in each specimen was connected to a data acqui-
sition system to continuously record temperature over time. The mixed proportions of the cement
paste compositions are presented in Table 2.

Table 2 - Mix design of cement paste systems used for exothermy analysis [Author’s material].

Mix ID Cement, % PS, % AER, % Ww/C
CO 100 — — 0.28
SP0.5 100 0.5 — 0.28
SP1 100 1.0 — 0.28
SP1.5 100 1.5 — 0.28
AERO0.1 100 — 0.1 0.28
AERO0.2 100 — 0.2 0.28
AERO0.3 100 — 0.3 0.28
SAO0.1 100 1.0 0.1 0.28
SA0.2 100 1.0 0.2 0.28
SA0.3 100 1.0 0.3 0.28

In the second stage, fine-grained concrete mixtures based on the same admixture combinations
were prepared to assess compressive strength development. Compressive strength was determined at
7 and 28 days of standard water curing on 100 %< 100 x 100 mm cube specimens in accordance with
EN 12390-3. The mixed proportions of the fine-grained concrete compositions are presented in Table
3.

All raw materials were weighed and mixed under controlled laboratory conditions following
a standardized preparation procedure. The sequence of component addition and mixing parameters
was kept constant across all compositions to ensure reproducibility and comparability of results.

Table 3 - Mix proportions of fine-grained concrete compositions [Author’s material].

Mix ID Cement, g Sand, g  Water, ml PS, % AER, % Ww/C
CcO 490 1460 220 — — 0.45
SP0.5 490 1460 209 0.5 — 0.43
SP1 490 1460 207 1.0 — 0.42
SP1.5 490 1460 203 1.5 — 0.41
AERO.1 490 1460 218 — 0.10 0.44
AERO0.2 490 1460 218 — 0.20 0.44
AERO0.3 490 1460 218 — 0.30 0.44
SA0.1 490 1460 207 1.0 0.10 0.42
SA0.2 490 1460 207 1.0 0.20 0.42
SA0.3 490 1460 207 1.0 0.30 0.42
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2.3 Scanning electron microscopy (SEM)

The microstructural characterization of the hardened paste specimens was performed using a
JEOL JSM-7000F scanning electron microscope operated in secondary-electron (SED) mode at an
accelerating voltage of 10 kV under high vacuum. Fragments of approximately 10 mm in size were
extracted from the specimens after compressive strength testing. Prior to analysis, each fragment was
air-cleaned to remove surface debris and mounted on a 25 mm metallic stub; the specimens were
examined without a conductive coating. The prepared samples were then introduced into the SEM
chamber and observed at magnifications ranging from x100 to X500 to assess the morphology of the
hydration products and the overall microstructural development of the investigated compositions.

3 RESULTS AND DISCUSSION

3.1 Temperature evolution curves

The exothermic temperature profiles of the investigated cement paste compositions recorded
during the first 24 h of hardening are presented in Figures 2—4. The key hydration parameters — the
maximum hydration temperature (Tmax) and and the time to reach it (tmax) — are summarised for each
series.

Effect of AER

The incorporation of the air-entraining admixture progressively delayed the hydration peak and
reduced the maximum temperature compared with the reference composition shown in Figure 2. The
control paste (CO) reached its maximum temperature of 73.5 °C after 7.81 h. With increasing AER
dosage, tmax increased to 9.39 h (AERO.1), 9.60 h (AER0.2), and 12.00 h (AERO.3), while Tmax de-
creased to 69.5 °C, 66.2 °C, and 60.3 °C, respectively. The reduction in peak temperature by up to
17.8% at the highest AER dosage indicates that the air-entraining admixture consistently slowed the
early hydration process. This behavior can be attributed to the formation of a discontinuous liquid—
solid contact environment due to entrained air voids, which reduce the effective contact area between
cement particles and water, thereby decreasing the rate of early hydration reactions.

80 4
= CO (control)
= AERO.1
== AER0.2
70 =+ AERO0.3

Temperature (°C)

20

0 4‘1 é 1'2 l‘G 2l0 2I4

Time (h)
Figure 2 — Exothermic temperature profiles of cement pastes containing different AER dosages [Author’s mate-
rial].

Effect of PS

The polycarboxylate ether superplasticizer produced a different hydration pattern (Figure 3).
All PS-modified pastes exhibited a delayed hydration peak relative to the control, with tmax increasing
from 7.81 h (CO) to 9.83 h (SP0.5), 11.24 h (SP1), and 14.29 h (SP1.5). Notably, the composition
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SP1 reached the highest maximum temperature of 87.5 °C among all tested compositions, exceeding
the control by 19.6%. This result indicates that a moderate PS dosage of 1.0 wt.% delayed the hydra-
tion peak but did not suppress the overall hydration intensity; instead, improved particle dispersion
and more efficient wetting of cement grains led to a more intense heat release once hydration was
initiated. At the highest dosage of 1.5 wt.%, however, Tmax decreased to 78.5 °C, suggesting that
excessive adsorption of PS molecules on cement particle surfaces led to stronger retardation and par-
tial limitation of early hydration intensity. These findings confirm that an optimal PS dosage exists,
beyond which the retarding effect outweighs the dispersion benefit.

= CO (control)
90 — P05

Pt —= 5pPI
4 . —- SPLS

Temperature (°C)

20

0 4 8 1'2 16 20 24
Time (h)
Figure 3 — Exothermic temperature profiles of cement pastes containing different PS dosages [Author’s mate-
rial].

Effect of combined PS—AER

The combined use of PS (1.0 wt.%) and AER produced the most pronounced retardation of the
hydration process among all investigated systems (Figure 4). Compared to the control, tmax increased
substantially to 14.38 h (SA0.1), 17.28 h (SA0.2), and 18.89 h (SA0.3). Simultaneously, Tmax de-
creased progressively to 69.0 °C, 63.0 °C, and 60.9 °C.

80 4
= CO (control)
=— SAD.1
== SA0.2
SA0.3

70

60

Temperature (°C)

40 4

30 1

20

0 21 !Ii 1I2 IIG ZID 2I4
Time (h)

Figure 4 — Exothermic temperature profiles of cement pastes containing combined

PS—AER systems [Author’s material].
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The combined retarding effect of PS and AER was significantly more pronounced than that of
either admixture used individually, indicating a synergistic interaction between the two components.
The adsorption of PS molecules on cement particle surfaces, combined with the disruption of the
liquid—solid contact environment caused by entrained air, collectively prolonged the induction period
and suppressed the thermal peak of hydration. These results are consistent with the setting time data
and confirm that the hydration kinetics of cement pastes can be effectively controlled through the
targeted combination of PS and AER dosages.

The retarding effect of the polycarboxylate superplasticizer observed in this study is consistent
with previously reported mechanisms. Zhu et al. [9] showed that PCE superplasticizers delay the
initial dissolution and early hydration of Portland cement through adsorption onto clinker phases,
while Lei et al. [8] demonstrated that the adsorption behaviour of polycarboxylate molecules governs
the induction period of cement hydration. The retardation at the highest PS dosage (1.5 wt.%) rec-
orded here agrees with these findings, confirming that excessive PS adsorption on CsS and CsA sur-
faces suppresses early hydration. Similarly, the delaying effect of the air-entraining admixture corre-
sponds to the results of Tunstall et al. [13], who attributed the reduced rate of early reactions to the
discontinuous liquid—solid contact created by entrained air voids. The pronounced synergistic retar-
dation of the combined PS—AER system is in line with Pundiené¢ and Pranckevi¢iené [16] and To-
legenova et al. [17], who reported that the simultaneous presence of superplasticizing and air-entrain-
ing admixtures markedly alters the rheological behaviour and stability of the air-void system in ce-
ment pastes.

3.2 Compressive strength

The compressive strength results of the investigated fine-grained concrete compositions at 7
and 28 days of curing are presented in Figure 5. The reference composition (CO) achieved compres-
sive strengths of 19.75 MPa at 7 days and 29.0 MPa at 28 days, serving as the baseline for comparative
assessment. The incorporation of the polycarboxylate ether superplasticizer consistently improved
compressive strength at both testing ages. At 7 days, the strength increased progressively from 24.6
MPa (SP0.5) to 25.5 MPa (SP1) and 26.3 MPa (SP1.5), representing gains of 24.6%, 29.1%, and
33.2%, respectively, relative to the control. At 28 days, a similar trend was observed, with strength
values of 33.39, 34.28, and 36.0 MPa for SP0.5, SP1, and SP1.5. This strength enhancement is at-
tributed to the water-reducing effect of PS, which lowered the W/C ratio from 0.45 to 0.41-0.43,
resulting in a denser and less permeable cement matrix with reduced capillary porosity.

The introduction of the air-entraining admixture adversely affected compressive strength at all
tested dosages. At 7 days, strength decreased from 20.3 MPa (AERO.1) to 18.6 MPa (AERO0.2) and
12.5 MPa (AERO0.3), corresponding to reductions of 2.8%, 5.8%, and 36.7% relative to the control,
respectively. The same tendency was observed at 28 days, with strength values 0f 27.0, 24.0, and 16.7
MPa for AERO.1, AERO0.2, and AERO.3, respectively. The pronounced strength reduction at the high-
est AER dosage is consistent with the well-established relationship between entrained air content and
compressive strength, whereby each 1% increase in air content results in an approximate 4—6% re-
duction in strength.

The combined PS—AER compositions demonstrated that the strength-reducing effect of AER
can be partially compensated by the water-reducing action of PS. At 7 days, SA0.1 achieved the
highest strength among all tested compositions at 27.3 MPa, exceeding the control by 38.2%. With
increasing AER content, strength decreased to 26.5 MPa (SA0.2) and 24.0 MPa (SA0.3). At 28 days,
the same trend was observed, with values of 34.0, 31.0, and 29.0 MPa for SA0.1, SA0.2, and SA0.3,
respectively. Notably, the composition SA(.3 at 28 days achieved a strength level comparable to the
reference, indicating that the combined admixture system maintained adequate mechanical perfor-
mance even at the highest AER dosage. Overall, the results confirm that the rational combination of
PS and AER achieves an effective balance between strength development and the benefits of air en-
trainment, with SA0.1 identified as the most favorable composition for mechanical performance.
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Figure 5 — Compressive strength of fine-grained concrete compositions at 7 and 28 days [ Author’s material].

The strength reduction caused by air entrainment observed in this study is in good agreement
with the well-established inverse relationship between air content and compressive strength. Chen et
al. [14] and Choi et al. [15], using mercury intrusion porosimetry and air-void analysis, reported that
increasing entrained-air content enlarges the pore volume of hardened concrete and consistently low-
ers its mechanical performance, which supports the pronounced strength loss recorded here at the
highest AER dosage. Conversely, the strength gain achieved with the superplasticizer is consistent
with Huang et al. [4] and Chen et al. [6], who linked the improved mechanical properties of PCE-
modified cementitious systems to a reduced water-to-cement ratio and a denser, less permeable ma-
trix. The compensating behavior of the combined PS—AER compositions, in which the water-reduc-
ing action of PS partially offsets the strength loss induced by AER, corroborates the findings of To-
legenova [19], who reported that the combined introduction of plasticizing and air-entraining admix-
tures improves both the workability and strength of concrete while reducing the water—cement ratio.

3.3 Scanning electron microscopy (SEM)

The microstructural analysis of the hardened cement paste compositions is presented in Figure
6. The reference composition (Figure 6a) exhibited a relatively loose and heterogeneous matrix with
visible macropores and regions of incomplete hydration.

The air-entraining admixture composition (Figure 6b) showed clearly distinguishable spherical
air voids within the cement matrix, confirming effective air entrainment and explaining the observed
reduction in compressive strength in the AER series. The superplasticizer-modified composition (Fig-
ure 6¢) exhibited a denser, more homogeneous microstructure, attributed to improved particle disper-
sion and a reduced water-to-cement ratio, consistent with the higher compressive strength values ob-
served for the SP series. Overall, the SEM observations are in good agreement with the mechanical
performance data and confirm the distinct influence of each admixture type on the pore structure and
matrix densification of the investigated compositions.
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Figure 6 — SEM micrographs of hydrated cement paste modified: (a) CO control; (b) AER; (c) SPx250.
[Author’s material].

These microstructural observations are consistent with previously published data. The spherical
air voids identified in the AER-modified paste are characteristic of air-entrained systems and corre-
spond to the pore morphology reported by Chen et al. [14] and Chatterji [20]. The denser and more
homogeneous C—S—H network observed in the PS-modified paste agrees with Moeinian et al. [7] and
Huang et al. [4], who associated polycarboxylate modification with an improved packing density of
hydration products and matrix densification. Thus, the SEM results provide direct microstructural
evidence that the opposing effects of PS and AER on compressive strength originate from their con-
trasting influence on the pore structure and the density of the C—S—H matrix.

4 CONCLUSIONS

This study experimentally evaluated the influence of a polycarboxylate ether superplasticizer
(PS) and an air-entraining admixture (AER) on the hydration kinetics, compressive strength, and mi-
crostructural development of cement paste and fine-grained concrete. The results demonstrate that PS
and AER exert distinct and complementary effects on the properties investigated. Key findings in-
clude:

1. Systematic reduction in hydration intensity by AER. The maximum hydration temperature
decreased progressively with increasing AER dosage, reaching a reduction of 17.8% at 0.30 wt.%,
while the time to peak temperature increased by up to 52.7% relative to the control. The incorporation
of AER was accompanied by a significant reduction in compressive strength of up to 36.7% at 7 days
and 42.4% at 28 days.

2. Intensification of hydration by PS at optimal dosage. The superplasticizer at 1.0 wt.% in-
creased the maximum hydration temperature by 19.6% relative to the control, attributed to improved
particle dispersion and more efficient cement hydration. Compressive strength increased by 24.6—
33.2% at 7 days and 15.1-24.1% at 28 days across the PS series.
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3. Compensation effect of combined PS—AER systems. The combined use of PS and AER par-
tially offset the strength reduction caused by air entrainment. Composition SA0.1 achieved the high-
est compressive strength among all tested compositions, exceeding the control by 38.2% at 7 days,
while SA0.3 maintained strength comparable to the reference at 28 days.

4. Microstructural confirmation. SEM analysis confirms the observed mechanical trends. The
PS-modified composition exhibited a dense and homogeneous C—S—H gel network, whereas the
AER-modified composition showed characteristic spherical air voids within the cement matrix. The
reference composition exhibited a relatively loose, heterogeneous microstructure.

5. The obtained results indicate the potential for further investigation of the developed compo-
sitions in terms of freeze—thaw resistance. The presence of a uniformly distributed air-void system,
combined with a compacted cement matrix, provides favorable conditions for improved durability
under cyclic freezing and thawing, warranting comprehensive frost resistance testing as the next stage
of research.
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