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Abstract. This article experimentally investigates the possibilities of technological regulation of
cement stone and concrete microstructure parameters through the introduction of chemical admixtures
of various natures. Based on studies concerning the influence of chemical admixtures on cement
hydration processes and cement stone microstructure, a comparative evaluation of the hardening and
pore formation of cement stone with accelerating, plasticizing, and complex admixtures was performed.

Specifically, the study focused on the impact of complex chemical admixtures, including a
superplasticizer like C-3 (likely a naphthalene sulfonate-based type) and LST (lignosulfonate)
combined with accelerators such as NaCl or KCIl, NaxCO3, K2CO3, Na2SO4, K2SO4 on the pore
formation characteristics during the hardening of two types of cement: Portland cement PC CEM I
42.5R and slag Portland cement SPC CEM II B-S 32.5 R. These cements differ in their mineral
composition, slag content, and consequently, their hydration rate and structure formation.

It was established that cement stone, whose porosity is characterized by a minimal pore radius
and an optimal ratio between the volumes of gel pores and capillary pores, can be achieved through
the complex application of an accelerator and a plasticizer. The synergistic effect of the
superplasticizer reducing the water-cement ratio and improving particle dispersion, alongside the
chloride accelerator speeding up early hydration, contributes to this refined pore structure.

Furthermore, a novel approach for evaluating the effectiveness of modifying the cement stone
structure is proposed using the coefficient Ker, defined as the ratio between the volumes of gel pores and
capillary pores (ratio of dynamic microstructural indices). This quantitative information regarding the
cement stone's microstructure and the limits of its regulation under the influence of internal and external
factors allowed for the formulation of a concept regarding the possibilities of achieving specified
concrete properties by modifying the corresponding parameters of the cement stone's microporosity.

Keywords: cement stone, microstructure, microporosity, chemical admixtures, structure
formation, pore radius, pore size distribution.

Introduction. The pore formation process in cementitious materials is quite complex due to the
presence of two developing, interacting structures: hydrosulfoaluminate and hydrosilicate.
Hydrosilicates and calcium hydroxide play the main structure-forming role, constituting the bulk of
the cementitious new formations. Despite the vast morphological diversity of other hydrated new
formations within the cementitious material, their influence on certain physical and mechanical
properties is deterministic and can be predicted in advance.

The primary properties of cementitious material — strength, permeability, frost resistance, etc. — are
determined by the ensemble of micropores with a corresponding size distribution. Changes in pore sizes
within the range of 2 to 100 nm can drastically affect the properties of the cementitious material, thus
allowing for control over the nature of structure formation during the hardening phase. One of the levers
for controlling the structure formation of cementitious material is the application of chemical and mineral
admixtures, which in a specific way influence the course of hydration and hardening.

Analysis of Recent Research and Publications. The developmental trends in modern concrete
technology are rooted in the increasing scientific intensity of concrete science. This field, in turn, is
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progressively integrating the principles and methodologies of physical and colloid chemistry, physics,
and advanced simulation and statistical modeling techniques [1-2]. High indicators of strength,
density, and durability in concrete are achieved at the microstructure level by incorporating highly
effective chemical, mineral, and complex admixtures as crucial components. This approach enables
the regulation of concrete properties by altering the ratio of capillary and gel microporosity within
the cement paste structure and at the aggregate-cement paste interface [3-4].

The presence of pores in cement paste, ranging from 1 to 1000 nm in size and partially or
completely filled with a liquid phase or vapor-air mixture, complicates their investigation. This is
further compounded by the heterogeneous interaction of solid, liquid, and gaseous components, the
diversity of their forms, the anisotropy of pore characteristics, and potential energetic changes at
phase boundaries. Consequently, various methods are required for studying pore structure across
different pore size distribution intervals (e.g., mercury porosimetry, nitrogen adsorption,
thermoporosimetry). This also limits the methodological capabilities for quantitatively assessing the
parameters of the evolving microstructure, the dispersity and strength of the solid phase of cement
paste, the characteristics of bond forms, and changes in the indicators of pore liquid phase transitions
under temperature or humidity influences, chemical, and other types of aggression [5-6].

One of the key factors for designing and producing concrete with desired properties, enhanced
durability, and resistance to aggressive environments is the microstructure of the cement paste [7].
Currently, the primary method for regulating the properties of concrete mixtures and hardened concrete
is the use of chemical and mineral admixtures. Chemical admixtures enable the targeted modification of
the cement paste microstructure, which directly impacts the mechanical properties of concrete, including
compressive strength, flexural tensile strength, elastic modulus, and deformation resistance [8-11].

Modifying the fundamental characteristics of the cement paste pore structure through chemical
admixtures significantly influences concrete durability. Its parameters (pore size, pore volume, and
size distribution) determine critical properties such as gas and water permeability, frost resistance,
corrosion resistance, and more. Therefore, understanding the impact of chemical admixtures on the
cement paste microstructure is fundamental for modern concrete engineering. This is not merely
"important"; it forms the basis for innovation and solving complex challenges in construction. For
these reasons, research into the influence of chemical admixtures on concrete properties and the
nature of its structure formation remains highly prevalent in contemporary concrete science.

Aim and Objectives. The aim of this work is to regulate the structure formation processes of
cement paste in concrete, based on thermodynamic analysis data of pore liquid phase transitions
within confined pore volumes.

The objectives of this research are:

— To substantiate the application of differential scanning microcalorimetry for analyzing
microporosity and phase transformations in hardening cementitious systems.

— To quantitatively assess the parameters of microporosity and their changes over time during
the hardening of cementitious systems.

Materials and Methodology. This study investigated the influence of chemical admixtures on
the pore formation characteristics of two types of cement: Portland cement PC CEM 1 42.5R and slag
Portland cement SPC CEM II B-S 32.5R. These cements differ in their mineral composition, slag
content, and consequently, in their hydration rate and structure formation characteristics (Table 1).

The impact of several types of chemical admixtures was examined, including hardening
accelerators with sodium and potassium cations, and plasticizers (Table 2). All admixtures conformed
to the requirements of DSTU B V.2.7-65-97.

Quantitative assessment of pore structure parameters (pore size, pore volume, pore size
distribution, pore shape) is performed based on scanning calorimetry data [12]. This assessment
employs the principles of equilibrium thermodynamics and considers phenomena at phase
boundaries. This approach addresses a complex set of tasks, including determining the parameters of
liquid phase transitions during the freezing of porous dispersed materials, evaluating the energetic
state of the liquid phase, assessing the degree of transformation during solid-liquid interactions, and
evaluating the influence of technological factors and the effectiveness of concrete property

110 ISSN 2786-6696 Modern construction and architecture, 2025, no. 13, page 109-116




BUILDING MATERIALS AND TECHNIQUES

modification with chemical admixtures.

Differential Scanning Calorimetry (DSC) belongs to the group of physicochemical thermal
analysis methods used to determine energetic (enthalpy) changes in the substance under investigation.
These methods are based on measuring temperature (Differential Thermal Analysis — DTA),
spontaneous (Calvet calorimetry), or compensatory (DSC) heat flows [13].

Table 1 — Characteristics of Cements

Indicators CEM142.5R | CEM III/B-S 32.5R
Actual Activity, MPa 52.0 (28 days) 23.7 (7 days)
Activity after Steaming, MPa 32.0 25.2
Fineness of Cement Grinding (passed through 008 sieve), % 91.0 91.0
Setting Time, hours-min: Start-End 3-20 1-50
4-20 7-00
For tests with river sand: Normal Consistency 28.0 28.1
Mineral Composition, % CsS 57.48 50.0
C2S 21.36 30.0
GA 7.57 3.8
C4AF 12.35 16.2

Table 2 — Chemical Admixtures

Name (Iitcl)iﬁlllclzl Regulatory Document
Potash (Potassium Carbonate) K2COs DSTU B V.2.7-65-97
Sodium Carbonate Na2COs3 DSTU B V.2.7-65-97
Sodium Chloride NaCl DSTU B V.2.7-65-97, TY 6-13-14-77
Potassium Chloride KClI DSTU B V.2.7-65-97, TY 6-13-14-77
Potassium Sulfate K2SO4 DSTU B V.2.7-65-97, TY 38-10742-84
Sodium Sulfate Na2S04 DSTU B V.2.7-65-97, TY 38-10742-84
Technical Lignosulfonate (LST) | {CisHis0sSNa} TU 13-0281036-05
C-3 {C1iH703SNa}n TU 6-36-020429-625

The DSC method is based on heating (or cooling) a sample and a reference at a set rate while
maintaining their identical temperatures. It measures the compensatory heat flow required to keep the
sample's temperature within the programmed range. Experimental curves represent the dependency
of heat flow (mlJ/s) or specific heat capacity Cp (J/(g-K)) on temperature. The compensatory heat flow
is directly proportional to the change in the sample's internal energy (enthalpy).

The thermoporosimetry method [14] is based on the thermodynamic dependence of the pore

water crystallization temperature (T, K) on the pore radius (Rn):
63.46

Rn = 0.58 + OOOS(TO - T) - m,
where To=273.15 K. This allows for the determination of pore sizes in which a first-order phase
transition (crystallization of pore liquid) is observed. The peak area, in turn, allows for the
determination of the volume of liquid that underwent the phase transition.

Results. The pore formation process in cement paste is significantly more complex than in
monomineral binders due to the presence of two developing and interacting structures:
hydrosulfoaluminate and hydrosilicate. Hydrosilicates and calcium hydroxide play the primary
structure-forming role, constituting the bulk of the cement paste's new formations. Despite the vast
morphological diversity of other hydrated new formations in hardened cement paste, their influence
on certain physical and mechanical properties is deterministic and can be predicted in advance. The
main properties of cement paste — strength, permeability, frost resistance, etc. — are determined by the
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ensemble of micropores with a corresponding size distribution. Changes in pore sizes within the 2 to
100 nm range can drastically alter the properties of the cement paste, thus enabling control over the
nature of structure formation during the hardening stage. One of the levers for managing cement paste
structure formation is the application of chemical and mineral admixtures.

Hardening of the investigated cements within 1 day is accompanied by the formation of a pore
structure with two micropore size distribution regions, characteristic of gel and capillary micropores.
For Portland cement, these are in the range of 2.2-22 nm, with distribution maxima at 2.36, 2.45, and
14.6 nm. For slag Portland cement, the micropore distribution range narrows to 3.1-6.6 nm, with
maxima at 3.4, 3.7, and 6.3 nm (Fig. 1, a). Simultaneously, the volume of micropores increases by
1.3 times compared to Portland cement (Fig. 1, b), reaching 0.46 cm?/g. This is attributed to the slower
binding of mixing water during slag Portland cement hydration, the formation of hydrogelenite and
hydrogarnets, as well as calcium hydrosilicates of lower basicity than those formed during Portland
cement hardening. The consequence is a reduction in capillary micropore sizes and the formation of
low-density (LD) C-S-H with porosity in the 3.1-4.2 nm range (Fig. 1, a).
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Fig. 1. Influence of cement type on the microporosity of cement stone:
a — pore size distribution; b — total pore volume

Gel microporosity in slag Portland cement (SPC) accounts for only 7.6% of the total porosity,
whereas the analogous figure for Portland cement (PC) is 47%. Consequently, the amount of calcium
hydrosilicates formed in the cement paste is 40% higher in PC than in SPC for the same hardening time.

In complex admixtures, each component complements the others and differs in its influence on
the formation of the cement stone structure. For instance, the action of hardening accelerators is linked
to increasing the solubility of the main cement minerals by altering the ionic strength of the solution
and accelerating the crystallization of new phases. Sodium salt cations promote an increase in the
alkalinity of the medium and exert a catalytic effect on the hydration of calcium silicates. The
adsorption mechanism of Lignosulfonate (LST) and C-3 determines the reduction of surface tension
at the phase interface, the release of immobilized water, etc., ultimately leading to the plasticization
of mixtures. The effect of complex admixtures is more intricate due to the superposition of different
component action mechanisms.

To enhance the efficiency of cement stone modification, further research is needed to identify
the quantitative relationship between the composition of complex admixtures and concrete properties.
The multi-component nature of admixtures and the associated complication of structure formation
processes objectively lead to increased complexity of admixtures as objects of analysis and
optimization. The influence of such chemical admixtures on the formation of cement stone
microporosity was examined using sulfates, carbonates, chlorides of sodium and potassium as
hardening accelerators, and plasticizing admixtures LST and C-3. Establishing patterns for the
directed regulation of cementitious system parameters at the micro-level is a fundamental prerequisite
for obtaining concretes with specified technical properties.

During the hardening of Portland cement over 1 day in the presence of C-3 (Fig. 2), two
micropore size distribution regions are formed within the 4.6-9 nm interval. The ratio of gel and
capillary micropores in the cement stone at this age is 12% and 88%, respectively, of the total volume.
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Fig. 2. Influence of complex admixtures based on C-3 on microporosity (Portland cement, 1 day):
a — pore size distribution; b — total pore volume

During the hardening of Portland cement with complex admixtures based on Lignosulfonate
(LST), a characteristic reduction in the total volume of micropores is observed when accelerators are
introduced (Fig. 3). In this case, the percentage content of capillary micropores ranges from 70%
(sodium and potassium sulfates, sodium chloride) to 85% (potassium carbonate). In combination with
potash, LST is the most effective retarder at early hardening stages.

The ratio of gel to capillary micropores in the control sample is 69% and 31%, respectively. In
the sample with KCIl, the capillary micropore content is only 5%, and in the presence of sodium
carbonate, they are entirely absent.
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Fig. 3. Influence of complex admixtures based on LST on microporosity (Portland cement, 1 day):
a — pore size distribution; b — total pore volume
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During the hardening of slag Portland cement with complex admixtures based on C-3, the role
of the anionic component of accelerators is clearly visible (Fig. 4). Potassium salt admixtures exhibit
the best synergistic effect, contributing to the formation of microporosity with a minimal volume. In
this case, the micropores of all samples are distributed within a narrow range of 3 to 5.2 nm.
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Fig. 4. Influence of complex admixtures based on C-3 on microporosity
(Slag Portland Cement, 1 day): a — pore size distribution; b — total pore volume
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For slag Portland cement with complex admixtures based on Lignosulfonate (LST), no clear
patterns of structure formation are observed (Fig. 5).
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Fig. 4. Influence of complex admixtures based on LST on microporosity
(Slag Portland Cement, 1 day): a — pore size distribution; b — total pore volume

The distribution range expands from 2 to 55 nm. Admixtures of NaCl, K2SOs, and Na2COs3
contribute to the formation of high-density calcium hydrosilicates with characteristic gel micropore sizes.

The ratio of gel to capillary pores allowed for the determination of the efficiency coefficient
Kesr as the ratio of dynamic microstructural indices:

Keff — lg <|Vcap1—Vge11| . Viotalo >' (1)

Viotal1 |Vcap0 _Vgelo|

where Vel is the volume of gel pores; Veap is the volume of capillary pores, Viotal is the total pore
volume, index 1 corresponds to cement with admixtures, and 0 — without admixture.

The effectiveness of complex admixtures is determined by the combination of plasticizer and
accelerator. As our studies have shown, for complex admixtures based on LST, potassium chloride is
most effective for Portland cement, and sodium chloride for slag Portland cement (Fig. 6).
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Fig. 6. Effectiveness of complex admixtures based on:
a—LST;b-C-3

For complex admixtures based on C-3, sodium chloride is also the most effective for slag
Portland cement in terms of cement paste structure formation. For Portland cement, the combination
of C-3 with potassium carbonate represents the most effective complex admixture option.

Chlorides are effective accelerators of cement hydration. They increase the ion concentration in
the pore solution, promoting the rapid dissolution of C3S and CsA, which leads to faster formation of C-
S-H gel and ettringite. Research [15] indicates that accelerators can initially form a more "open" or
irregular structure due to rapid hydrate formation. However, the simultaneous use of a plasticizer (which
reduces the water-to-cement ratio and improves dispersion) can compensate for this effect, leading to the
formation of a more refined and denser porosity, which correlates with our obtained data.

Conclusions. The conducted research represents an important step in understanding the
influence of complex chemical admixtures on the microstructure of cement paste. Specifically, the
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conclusion regarding the achievement of minimal pore radius and an optimal ratio of gel to capillary
pores through the combination of plasticizer and accelerator, as well as the proposal of the Kes
coefficient as a microstructural index, open broad prospects for further research.

It is worth further investigating the specific mechanisms of their interaction with various cement
minerals (alite, belite, C3A, C4AF) in the presence of plasticizers. A more detailed study is needed on
precisely how these complex admixtures influence the formation, density, and internal structure of
C- S-H gel — the main component determining concrete strength.
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AHoTanig. Y CTarTi €KCHEePUMEHTAIBHO JIOCTIDKYIOTBCS MOXJIMBOCTI  TE€XHOJIOTIYHOIO
PETYIIOBaHHST TIAPaMETPiB MIKPOCTPYKTYPH IIEMEHTHOTO KaMEHI0O Ta OCTOHY IUISXOM BBEICHHS
XIMIYHUX A00aBOK Pi3HOI mpuponyd. Ha ocHOBI JOCHIKEHb BIUIMBY XIMIYHHX J00aBOK Ha MPOICCH
rigparaii IeMEeHTy Ta MIKPOCTPYKTYpy LIEMEHTHOTO KaMEHIO OyJi0 MPOBEAECHO MOPIBHSUIBHY OLIHKY
TBEPIIHHA Ta MOPOYTBOPEHHS LIEMEHTHOIO KaMEHIO 3 HPUCKOPIOBAJIBHUMM, IUIACTU(DIKYIOUUMH Ta
KOMITJIEKCHIMH JJOOABKaMH.

30kpema, JOCTIDKEHHS 30CEPEKEHO Ha BIUIMBI KOMIUIGKCHHX XIMIYHHUX J00aBOK, SIKi
BKJTIOUaroTh cynepruiactudikarop C-3 (Ha ocHoBi HadTanmiHcyabdoHary) Ta LST (sirHocynsgonar), y
noegHaHHl 3 mpuckoproBayamu, Takumu sk NaCl a6o KCl, NaxCOs, K2COs, NaxSOs, K2SOs4 Ha
XapaKTepUCTUKH IOPOYyTBOPEHHS 111 4ac TBEPAIHHS ABOX THUIIB IleMeHTy: nopTianauementy PC CEM
I 42.5R Tta mmakonopmiananementy SPC CEM II B-S 32.5 R. i nemMeHTH Bipi3HAIOTHCS CBOIM
MiHEpaJbHUM CKJIaJI0M, BMICTOM IIUIAKY, a OT>KE, IIBUAKICTIO TJIpaTalii Ta CTPyKTYPOYTBOPEHHSIM.

Byno BcTaHOBJIEHO, III0 IEMEHTHUIN KaMiHb, IOPUCTICTD SIKOTO XapaKTEePHU3Y€ETHCS MiHIMAJIbHUM
paziiycoM Mop Ta ONTUMAJIBHUM CITiBBITHOIICHHAM MIX 00'€éMaMH reJieBUX Ta KalJIIpHUX MOP, MOXe
OyTH JOCSTHYTHH IUISIXOM KOMIUIEKCHOTO 3aCTOCYBaHHs MpPHCKOpIOBada Ta IUiacTh(ikaTopa.
CunepretnuHuil eekT cymnepruiacTugikaropa, 10 3MEHIIY€e BOJOLEMEHTHE CIiBBIJHOIICHHS Ta
MOKpAIIy€ TUCTIEPCHICTh YaCTHHOK, a TaKOXK MPUCKOPIOBAY, IO MPHUCKOPIOE PAHHIO TiApararlito,
CHPUSIOTh YTBOPEHHIO MOKPAIIEHOI CTPYKTYPH TOP.

KpiMm TOro, 3anponoHoBaHO HOBUM MiAXIJ J0 OLIHKH €(PEeKTUBHOCTI MOAMDIKALIl CTPYKTYpPH
LIEMEHTHOTO KaMEHIO 3 BUKOPUCTAaHHAM KoedilieHTa Kef, IKMi BU3HAYAETHCS SK CITIBBITHOLICHHS
MDK o0'eMaMH TeJeBUX Ta KaNUIIpHUX MOp (CHIBBIIHOIIEHHS IUHAMIYHUX MIKPOCTPYKTYPHHX
innekciB). Llg kinmpkicHa iH(popMalis IIOI0 MIKPOCTPYKTYpPH IIEMEHTHOTO KaMEHIO Ta Mex Il
peryioBaHHA I BIUTMBOM BHYTPILNIHIX Ta 30BHIIIHIX ()aKTOpiB J03BOJMIA CGHOPMYIIOBATH
KOHIETIIIIO 1010 MOXJIMBOCTEN JTOCSTHEHHS 33JaHUX BIACTHUBOCTEH OETOHY HUIAXOM MOAM(IKaIi
BIJIMOBIAHUX MapaMeTPiB MIKPOIIOPUCTOCTI LIEMEHTHOTO KAMEHIO.

Ko4oBi cji0Ba: 1ieMEHTHUH KaMiHb, MIKPOCTPYKTYpa, MIKpOIIOPUCTICTb, XiMiuHI 100aBKH,
CTPYKTYPOYTBOPEHHSI, pajilyCc Mop, PO3MOALI MOp 3a pO3MipaMHu.
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