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ABSTRACT

Introduction. The development of high-strength repair and grouting compositions for restoring concrete structures is a relevant task.
The aim of the research is to study the effect of long-term stored nanodispersed silica (NS) on cement stone properties. Methods and
Materials. Portland cement CEM | 42.5 N and sol-gel NS (storage: 1 day — 1.5 years) were used. Surface acid-base properties — indica-
tor method; hydration kinetics — non-isothermal calorimetry. Four compositions: control, NS, NS + PC type S, NS + PFM. Compressive
strength — up to 28 days; SEM, XRD, DTA. Results. NS surface has a polyfunctional acid-base spectrum. Long-term storage does not
degrade activity: strong acid centers (pKa = -4.4) increase from 7.42 to 260-265 mg eq/g; strong basic centers (pKa = 8.8) remain
at 515-628 mg eq/g. NS stored for 1.5 years intensifies heat release (max ~25.5 °C). Compressive strength increase by day 28: NS -
14.5%; NS + PFM - 16.7%; NS + PC type S — 18% vs control. SEM, XRD, DTA confirm portlandite binding and dense low-basic C-S-H
matrix formation (min. weight loss on heating - 9.1% for NS+PFM). Discussion. Bifunctional NS surface provides a synergistic effect:
basic centers adsorb Ca” ions, initiating nucleation; Lewis acid centers coordinate OH- and H,O, activating them. Complex NS +
surfactants improve nanoparticle distribution and intensifying pozzolanic reaction. Conclusion. NS activity remains after 1.5 years
of storage. Complex NS+plasticizers provide a synergistic effect. Developed compositions are recommended as class R3 (B35) repair
compounds and grouting mixtures for critical structures, including collector repair, equipment grouting and anchor bolt installation.
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AHHOTALUMA

BBepgeHue. O60CHOBaHa aKTyasIbHOCTb Pa3pPaboTKM BbICOKOMPOUHbIX PEMOHTHbIX U MOAMMBOYHbIX COCTAaBOB Ha LIeMEHTHOW OCHOBE,
MOANPULIMPOBaHHBIX HAHOAMCNEPCHBIM KpeMHe3eMoM (HK), Ana noBbileHNA JONroBEYHOCTN BOCCTAaHABANBAEMbIX KOHCTPYKLIA.
Metopapbl n matepmansl. Vicnonb3osaH noptnaHguemeHT LIEM | 42,5 H n 3onb-renb HK ¢ pa3HbiMu cpokamu XpaHeHua (1 cyTku —
1,5 ropa). KNcnoTHO-OCHOBHbIE CBONCTBA NOBEPXHOCTY OL@HEHbI MHAMKATOPHbIM METOLOM, KUHETUKA rmapaTtaumm — Hensotepmuye-
cKol KanopumeTtpueir. iccnegoBaHbl ueTbipe coctaBa: KoHTposb, HK, HK+MK tin S, HK + NMOM. MpoyHocTb Ha cxaTre onpeaensanv
110 28 cyToK. MMKpOCTPYKTYpY 1 ¢pa3oBbii cocTaB nsyyanu metogamu POM, POA v ITA. PesynbTatbl. YCTaHOBNEHO, YTO MNOBEPX-
HOCTb 30/b-reflb CUHTe3mpoBaHHoro HK xapakTepursyetca nonmdyHKLMOHaNbHbIM KACIIOTHO-OCHOBHbBIM CriekTpoMm. JnutenbHoe
XpaHeHue He NPUBOANT K Aerpafjalnm akTMBHOCTU: KOHLEHTPaUNA CUNbHBIX KUCIOTHBIX LeHTPOB (pKa = —4,4) Bo3pacTaeT oT 7,42
[0 260-265 Mr-3KB/T, @ CUbHbIX OCHOBHbIX LieHTPOoB (pKa = 8,8) coxpaHAeTca Ha ypoBHe 515-628 mr-ake/r. MeTogom HensoTepmu-
YecKol KanopumeTpuu NoaTeepxaeHo, uto obpasey HK, xpaHuBwuniica 1,5 roga, He TONbKO COXPAHAET, HO U MHTeHcudrLmpyeT
TennosblAeneHne Npu rugpataumm uemeHTa. OM3nko-mexaHnyeckme NCnbiTaHyA Nokasasnu, Yto K 28 cyTKam TBepAEHUA NPUpoCT
NPOYHOCTMN Ha CxaTue cocTaBun 14,5% ana coctaBa ¢ ungmsuayanbHoiM HK, 16% — gna HK + NMOM n 18% - ana HK + NK tun S no
CpaBHEeHUIo € KoHTposeM. [laHHble POM, POA 1 [ITA noaTBepanny, uto KomnnekcHoe BefeHre HK ¢ MAB cnocobcTyeT CBA3bIBAHNIO
nopTnaHanTa, GopMUPOBAHMIO NIIOTHOW HU3KOOCHOBHOW MMAPOCUANKATHON MaTPULibl U MOBbILLIEHWIO TEPMUYECKOW CTabUNbHOCTH
MaTepwuana (MMHYMasbHas NoTepsa Maccbl Npuv Harpese — 9% ana coctasa ¢ [IOM). O6cyxaeHue. brdyHKLMOHaNbHasA NOBEPXHOCTb
HK obecneunsaeT cuHepreTuueckmii 3pdeKT: OCHOBHbIE LIeHTPbI COPOUPYIOT MOHbI Ca”*, MHALMUPYA HYKeaLImIo, @ KUCIOTHbIE LieH-
Tpbl JIblovica y4acTBYyIOT B KOOPAMHALNMN TMAPOKCUBHBIX FPYNM 1 MONEKY BOAbI, akTUBMPYA nX. KomnnekcHble coctasbl HK ¢ MAB
ynyudLatoT pacrnpegeneHre HaHOYaCTUL 1 MHTEHCMOULMPYIOT MYLLOMaHOBYI0 peakuuio. 3aknioueHmne. Bnepsble foKa3aHO coxpa-
HeHue akTMBHOCTU HK nocne 1,5 neT xpaHeHus 3a cueT popmMupoBaHna OUPYHKLMOHAMNbHbIX LLeHTPOoB. KomnnekcHble coctaBbl HK
¢ nnacTudukaTopamm obecrneunBatoT CMHepreTnyecknin 3gpdekT. PaspaboTaHbl peMOHTHble cocTaBbl Knacca R3 (B35) 1 noannBoYHble
CMecCu AnA OTBETCTBEHHbIX KOHCTPYKLWIA, BKNIOYAA PEMOHT KOJINIEeKTOPOB, MOANVBKY 060py[0BaHMA U YCTaHOBKY aHKepHbIX 60NTOB.
KJTIOYEBbBIE CJZIOBA: HaHOAMCMEPCHDIN KpeMHe3eM, LLleMEHTHbIN KaMeHb, PEMOHTHbIE COCTaBbl, NOANBOYHbIE CMECK, CTPYKTYPOO-
6pa3oBaHue, rnapaTauma LeMeHTa, NyLLonaHoBasA akTUBHOCTb, MPOYHOCTb Ha CKaTuhe, KMCIIOTHO-OCHOBHbIE LIeHTPbI, MOBEPXHOCTHO-
aKTVBHble BELLECTBA, PaCcTPOBasA MEKTPOHHAA MUKPOCKONUA, peHTreHopa30BbI aHanus, auddepeHLmanbHO-TEPMUYECKIA aHanm3
UCTOYHUKN GUHAHCUPOBAHUA HAYYHOW PABOTDbI, PE3YJIbTATOM KOTOPOW CTAJIA MYBJIMKALUA: Pa6oTa BbinonHe-
Ha B pamKax peanu3aumm rocyfapcTBeHHOro 3afaHua MmuHo6pHayku PO N2 FZWN-2026-0005 ¢ ncnonb3oBaHiem 060pyaoBaHnaA
LleHTpa Bbicokux TexHonorun I TY nm. B.I. LLlyxoBa.

AnAa UMTUPOBAHUA:

bykosuosa AWM., KysbmuH E.O., AHToHeHKo M.B., CtpokoBa B.B. BbicoKonpoUuHble peMOHTHbIE 1 MOANMBOYHbIE COCTaBbl HA LIeMEHTHOM
OCHOBe, MOANGULMPOBaHHbIE HAHOAMCNEPCHBIM KpeMHe3eMoM. HaHomexHosozuu 8 cmpoumesnscmae. 2026;18(3):307-316. https://
doi.org/10.15828/2075-8545-2026-18-3-307-316. — EDN: NTYCYM.

INTRODUCTION must comply with higher standards: high compressive
strength (at least 25 MPa for class R3 according to EN
In modern construction materials science, one of the 1504-3), adhesion to concrete >1.5 MPa, shrinkage re-

most promising areas is the development of highly effec- sistance, and the ability to achieve early strength gain [4,
tive repair and grouting compositions capable of ensuring  5]. A key factor determining the overall properties of these
durability and reliability of concrete and reinforced con- systems is the dense and uniform microstructure of the

crete structures under renovation [1—3]. These materials cement matrix [6, 7].
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Traditional methods of modifying cement composites
do not always achieve the required level of structural
optimization at the nanoscale. Therefore, nanoscale
additives capable of specifically influencing the hydra-
tion and structure formation processes of cement stone
are attracting increased attention from researchers.
Among these, nanodispersed silica (NS) occupies a
special place. It acts not only as an effective pozzola-
nic component, binding portlandite to form additional
low-basic calcium hydrosilicates (C—S—H), but also as
a nucleation center, accelerating the crystallization of
new formations [8, 9].

It is important to note that not only the concentra-
tion, but also the morphology of nanosilica particles
(spherical, aggregated, gel-like) significantly affects the
hydration kinetics and final properties of cement com-
posites [21].

It is known that the use of NS in combination with
surfactants allows for a synergistic effect due to improved
nanoparticle dispersion and additional plasticization of
the mixture [10—12]. Similar approaches using complex
nanodispersed systems including carbon nanotubes and
microsilica also demonstrate significant strengthening of
the cement matrix [13, 14]. However, the greater part of
the existing studies are devoted to the use of freshly syn-
thesized or commercial NS. The issue of the evolution of
the chemical activity of nanodispersed silica during long-
term storage (more than 1 year) remains insufficiently
studied, which has important practical significance for
the industrial production and repair materials logistics. As
shown in [15, 16], the surface properties of nanoparticles
can be significantly transformed over time; however, no
systematic studies have been conducted on the effect of
storage periods of sol-gel NS on its activity in cement
systems.

Furthermore, the literature extensively presents
studies on the modification of cement composites with
hydrothermal nanosilica [17], mineral fibers [18], high-
strength fiber-reinforced concrete [20], and their combi-
nations [19]. However, the combined effect of long-term
stored nanosilica in combination with various types of
surfactants on the structure formation processes of ce-
ment stone has not been studied sufficiently. There are
no data on the kinetics of cement hydration upon the
introduction of nanosilica with different storage periods,
nor on the nature of the transformation of the micro-
structure and phase composition under the influence
of such additives.

The aim of this work is to study the evolution of the
surface activity of nanodispersed silica during long-term
storage (up to 1.5 years) and to evaluate its effect on the
properties of cement stone when added individually and
in combination with plasticizing additives. Based on the
obtained results, it is planned to develop formulations for
high-strength repair mortars of class R3 (B35) and grout-

ing mixtures for critical structures. To achieve this goal,
the following objectives were addressed:

To study changes in the acid-base spectrum of the
NS surface depending on storage time (from 1 day to
1.5 years) using an indicator method.

To evaluate the effect of NS with different storage
periods on the hydration kinetics of cement paste using
non-isothermal calorimetry.

To study the physical and mechanical properties
(compressive strength) of cement stone modified with
individual NS and its surfactant-containing compositions
(PC type S, PFM) at different curing times.

To analyze the microstructure, phase composition,
and thermal behavior of the modified cement stone using
scanning electron microscopy (SEM), X-ray diffraction
(XRD), and differential thermal analysis (DTA).

MATERIALS AND METHODS

The following materials were used for the study:

Portland cement CEM 1 42.5 N (AO Sebryakovce-
ment), complying with GOST 31108-2020, with a normal
cement paste consistency of 26.2% and setting times of
145 min and 215 min.

Nanodispersed silica (NS) synthesized by the sol-gel
method from tetracthoxysilane (TEOS) using the sur-
factant-stabilizer Span 83 [11]. Samples with different
storage periods were studied: 1 day, 1 week, 1 month,
and 1.5 years.

Surfactants: polycarboxylate superplasticizer type S
(PC type S) and PFM-NLK plasticizer (PFM). The
surface properties of nanodispersed silica were char-
acterized using an indicator method that allows for the
identification and quantitative determination of Bron-
sted and Lewis acid-base sites based on the adsorption
of indicators with specified pKa values. The effect of
the modifier on the kinetics of cement stone structure
formation was assessed using non-isothermal calorim-
etry by continuously monitoring the temperature of the
cement paste under adiabatic conditions. Four series of
samples were prepared to study the physicomechanical
properties: a control (without additives), one with the
addition of 1.5% nanodispersed silica (NS), one with
a complex NS + PFM additive, and one with an NS +
PC type S additive. Three samples were molded from
each series for testing at 1, 3, 7, 14, and 28 days of cur-
ing. Compressive strength was determined according to
GOST 5802-86, after which fragments of the destroyed
samples were placed in isopropyl alcohol to immediately
stop hydration. The structure and phase composition
of the cement stone were studied using a combination
of methods: scanning electron microscopy (SEM) on
a TESCAN MIRA 3 LMU device, X-ray phase analysis
(XPA) on an ARL 9900 spectrometer, and differential
thermal analysis (DTA).
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RESULTS

1. Evolution of nanodispersed silica activity during
storage

An indicator method was used to study changes in
the surface acid-base properties of synthesized nano-
dispersed silica depending on its storage duration. Four
samples with different storage periods after synthesis were
examined: sample 1 (1 day), sample 2 (1 week), sample 3
(1 month), and sample 4 (1.5 years). The resulting acid-
base spectra of surface site distributions are presented in
Figure 1.

Note on the figure: The abscissa axis shows the pKa
values of the indicators, characterizing the strength of
the centers; the ordinate axis shows q pKa (mg-eq/g),
the concentration of the adsorbed indicator, proportional
to the number of centers of the corresponding strength.

The obtained data demonstrate complex nonlinear
dynamics of changes in the surface condition. The key
conclusion is the absence of a monotonic decrease in
the overall chemical activity. A vivid rearrangement of
the acid-base spectrum is observed, indicating the pro-
cesses of relaxation and transformation of surface silanol
grouPC (Si—OH) and active Lewis sites. The concentra-
tion of strong acidic sites (pKa = —4.4) increases from
7.42 mg-eq/g for sample 1 to 260—265 mg-eq/g for sam-
ples 2 and 3, and by 18 months decreases to 185 mg-eq/g,

Nanob%

remaining an order of magnitude higher than the initial
value. The concentration of strong basic sites (pKa = 8.8)
remains high in all samples (515—628 mg-eq/g). Thus, the
natural aging process does not lead to an irreversible loss
of reactivity of the material.

To confirm these findings, a study of the effect of NS
on the hydration kinetics of cement paste was conducted
using non-isothermal calorimetry (Fig. 2, 3). All studied
compositions were added with 1.5% NS by weight of ce-
ment.

Sample 4, stored for 1.5 years, demonstrates not only
the retention but also an intensification of heat generation:
the highest absolute temperature is reached (approxi-
mately 25.5 °C), and the main exothermic peak zone is
the most pronounced and long-lasting. This is consistent
with the results of the indicator method, which revealed a
high concentration of both strong basic and strong acidic
sites in sample 4. The bifunctional nature of the surface
ensures a synergistic effect: the basic centers sorb calcium
ions, initiating nucleation, while the Lewis acidic sites
participate in the coordination of hydroxyl grouPC and
water molecules, activating them.

2. Effect of modifiers on physical and mechanical
properties

After confirming the hypothesis that the activity of
nanodispersed silica does not decrease over time, ce-
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Fig. 1. Distribution of acid-base sites on the surface of nanodispersed silica depending on storage duration
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Fig. 2. Thermokinetic curves of heat release of cement paste with the addition of nanodispersed silica (samples 1 and 2)
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Fig. 3. Thermokinetic curves of heat release of cement paste with the addition of nanodispersed silica (samples 3 and 4)

ment stone samples with various additives were produced.
Compressive strength values are presented in Table 1.
An analysis of the results shows that, in the early
stages (1 day), a slight decrease in strength is observed
for the sample with pure nanosilica added relative to the
control, which may be due to a slowdown in the initial
stages of hydration due to the adsorption of water mol-
ecules on the highly developed surface of the nanopar-
ticles. However, by the 7" day, the samples with nano-
silica excel the control composition. By the 28th day,
all modified compositions show an increase in strength:

14.5% for the composition with individual nanosilica,
16.7% for the nanosilica + PFM composition, and 18%
for the nanosilica + PC type S composition, compared
to the control.

3. Microstructure and Phase Composition

To verify the conclusions regarding the nature of
structure formation, a scanning electron microscopy
analysis of the cement stone microstructure was per-
formed (Fig. 4).
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Table 1. Results of compressive strength of samples, MPa
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Day Control NS NS + PFM HS + PCtype S
1 9.56 9.39 10.06 11.85
3 37.69 33.92 27.12 34.37
41.72 45.24 40.87 42.59
14 40.38 49.77 51.15 51.64
28 53.52 61.28 62.45 63.24
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Fig. 4. Microstructure of the cement stone, modified with nano-dispersed silica and its compositions with
surfactants: a - control sample; b — sample with NS; ¢ - sample with NS + PC type S; d - sample with HS + PFM
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The control sample is characterized by the formation
of a developed spatial framework of needle-shaped ettr-
ingite crystals and large lamellar portlandite formations.
The introduction of NC leads to a transformation of the
morphology, with the crystalline products being repre-
sented by smaller mixed phases, intensive pore filling,
and the formation of a denser gel-like matrix. The use of
complex additives with surfactants enhances the positive
effect in the system with type S PC: the gel phase is char-
acterized by increased dispersion, and the PFM additive
promotes active overgrowth of porous zones.

To confirm the phase composition, a comprehensive
analysis was performed using X-ray diffraction (Fig. 5)
and differential thermal analysis (Fig. 6).

The NS sample exhibits an increased proportion of
the amorphous component (diffuse halo) compared to the
control, which is due to the pozzolanic reaction and the
additional formation of low-basic C-S-H phases. A ten-
dency toward a decrease in the intensity of portlandite
reflections is observed in the modified samples, indicating
its binding through interaction with active silica.

The sample with NS exhibits the highest weight loss
(17%) in the temperature range of 445—454 °C, corre-
sponding to the decomposition of portlandite, which testi-
fies to a higher content of hydrated phases. The introduc-

tion of surfactants leads to a reduction in mass loss to 10%
(PCtype S) and 9.1% (PFM), indicating the formation of
a denser and more thermally stable matrix. Similar results
were obtained in study [22], where it was shown that col-
loidal nanosilica promotes the formation of high-density
C—S—H phases even in systems with recycled aggregate.
The lowest mass loss of the sample with PFM surfactant
indicates the most effective modification of the cement
stone structure.

The lowest mass loss for the sample with PFM sur-
factant indicates the most effective modification of the
cement stone structure.

DISCUSSION

The obtained data show that the surface of sol-gel
synthesized nanodispersed silica (NS) is characterized by
a polyfunctional acid-base spectrum. Long-term storage
does not lead to monotonic degradation of activity. On
the contrary, a rearrangement of the acid-base spectrum
occurs with the formation of bifunctional centers. This is
confirmed by calorimetry data: NS stored for 1.5 years not
only retains but also intensifies heat release.

The bifunctional surface provides a synergistic effect:
basic centers adsorb calcium ions, initiating nucleation;
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Fig. 5. Diffraction patterns of cement stone of control and modified compositions: a - control; b - NS;

c-NS+PCtypeS;d-NS +PFM
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Fig. 6. Thermal curves of cement stone with control and modified compositions: a — control; b — NS;

c-NS+PCtypeS;d- NS+ PFM

Lewis acid centers participate in the coordination of hy-
droxyl groups and water molecules, activating them.

Physical and mechanical tests have shown that by
28 days, all modified compositions exceed the control.
The highest result (18% increase) was obtained for the
NS + PC type S composition. The slight decrease in
strength at early age (1 day) for the composition with
individual NS is explained by water adsorption on the
highly developed surface of nanoparticles.

SEM, XRD and DTA methods confirmed the binding
of portlandite due to the pozzolanic reaction, an increase
in the proportion of low-basic C—S—H, and the formation
of a denser and more homogeneous microstructure. The
lowest mass loss upon heating (9.1% for the NS + PFM
composition) indicates the highest thermal stability of
this composition.

Thus, the developed complex NS + surfactant com-
positions are recommended as repair compounds of class
R3 (B35) and grouting mixtures for responsible structures.

CONCLUSION

1. Using an indicator method, it was established that
the surface of the synthesized nanosilica is characterized
by a multifunctional acid-base spectrum. A key result is
the proof of an absence of degradation of its chemical

activity during long-term storage (up to 1.5 years). The
restructuring of surface centers observed is characterized
by a relaxation transformation, resulting in the formation
of a bifunctional surface able to maintain high reactivity,
which is confirmed by non-isothermal calorimetry data
demonstrating intensified heat formation for samples with
long storage periods.

2. Experiments have proven that the introduction
of nanodispersed silica into the cement system pro-
vides a significant increase in strength properties: by
28 days of solidification, compressive strength increase
for the composition with individual NS was as much as
14.5%, while for complex additives with PC type S and
PFM surfactants, it was 18% and 16.7%, respectively.
The strengthening mechanism is due to the pozzo-
lanic binding of portlandite to the active centers of
nanoparticles.

3. SEM, X-ray diffraction, and differential thermal
analysis (DTA) confirmed that NS nanoparticles promote
the formation of more dispersed and dense low-basic
calcium hydrosilicates, leading to a more compact mi-
crostructure and increased homogeneity. The combined
introduction of nanosilica and surfactants provides a syn-
ergistic effect: surfactants promote uniform distribution
of the nanoparticles and additional plasticization of the
mixture, which intensifies the pozzolanic reaction and
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the formation of a thermally stable, homogeneous micro-
structure (minimum mass loss upon heating is 9.09% for
the composition containing PFM surfactant).

4. The compositions obtained are recommended for
the creation of highly effective class R3 (B35) repair mor-
tars and grouting mixtures for critical structures, including

pluming manifold repair, equipment grouting, and anchor
bolt installation. The practical significance of the work is
also confirmed by the proven stability of the properties
of nanodispersed silica during long-term storage, which
is essential for the industrial production and logistics of
repair materials.
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