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Abstract: the creation of an environmentally friendly building material to protect the human environment can 

only be carried out from the position of a transdisciplinarity approach, taking into account modern achievements in 
geomimetics and micromechanics of composite media. A wide range of basalt-fiber-reinforced concrete based on 
composite binders has been developed, which have increased characteristics of impermeability and durability under 
extreme operating conditions. The nature of the influence of the composition and manufacturing technology of ce-
ment composites on the pore structure of the composite has been established, which has a positive effect on the 
characteristics of gas, water and vapor permeability. High early strength was obtained, which allows the use of ma-
terials for operational repair and construction in emergency situations. The positive influence of the composi-
tion of the developed composite on the performances has been proved. The water resistance of the modi-
fied composite provides a water pressure of 2 MPa for 148 hours, which corresponds to the W18 grade 
(for the control sample – W8), the frost resistance grade – F300. It was found that the water absorption of 
the modified concrete samples was lower than that of the control sample, which is explained by the de-
crease in the pore structure index λ by 28.4 times, and the average pore diameter by 3.05 times. The total 
pore volume of the modified concrete was lower and decreased with increasing dose of nanosilica. 
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Introduction 
A concrete is produced more than any other synthetic material on Earth. The current world production of ce-

ment is 3.5 billion tons, which is enough to produce more than 30 billion tons or 1.5 m3 of concrete per capita per 
year [1]. There is no other material that could replace concrete in the near future to meet the needs of society for 
housing, infrastructure, etc. However, concrete has an uncertain future due to its significant environmental impact, 
which accounts for 5-10% of global CO2 emissions. It is now emerging that the micromechanics of composite me-
dia may be the discipline that enables the development of, among other things, the environmentally friendly green 
concrete of the future. 

The creation of an environmentally friendly building material can be carried out only from the position of a 
transdisciplinarity approach, taking into account modern achievements in geomimetics [2-4]. Applying the laws of 
similarity, the principles of technogenic metasomatism and micromechanics of composite media when designing a 
cement composite, the components are linked together, compacting the structure due to the control of the pore 
space, and, accordingly, the durability of the material increases [5-8]. 

The fundamental idea of the proposed approach is that it is possible to evaluate the nanostructure of a material 
based on microporemechanics [9-11]. In the article, this approach is illustrated by an example of application to cal-
cium silicate hydrates (C-S-H), the binder phase of cement-based materials [12-14]. For this class of materials, 
CSH exists in at least three structurally different, but similar in composition forms: low density (LD), high density 
(HD) and ultra-high density (UHD) [15-17]. These three forms differ only in the packing density of particles less 
than 5 nm in size [18-20]. The existence and mechanical significance of these phases can be confirmed by 
nanoindentation [21-23]: it was found that LD CSH and HD CSH are uniquely characterized by a set of material 
properties that do not depend on the proportions of the mixture, the type of cement, etc. Instead, they represent the 
intrinsic unchangeable properties of the material [24-26]. 

The relationship between these mechanical properties of the C-S-H phase and its packing density has been es-
tablished, showing that the C-S-H phases exhibit a unique nano-grained (nanogranular) morphology with packing 
densities that are very close to the ultimate packing densities of spheres; namely, the random close-packed limit 
(RCP) or maximally random jammed state (MRJ) η = 0.64 [27-29] for the LD C-S-H phase; and ordered packing of 



Строительные материалы и изделия  2021, Том 4, №5 
Construction Materials and Products  2021, 4 (5) 

  
 

 6

two types: hexagonal or face-centered cubic, equal by Gauss's theorem,  [30-32] for the HD C-S-

H phase. In this model, it is assumed that the porosity of the C-S-H phase gel is not constant, it depends on the vol-
umetric proportions LD C-S-H (fLD) and HD C-S-H (fHD): 

φ0 = 1 − (0.64 × fLD + 0.74 × fHD)                                                                 (1) 
 
In the nanoindentation technique, the hardness H and the indentation modulus M, determined from the load-

depth curve (P-h) in accordance with classical analysis tools [33-35], are representative of the particle properties 
(particle rigidity ms, hardness hs, coefficient of friction μ) and packing of their particles (packing density η), as well 
as some morphological parameters (denoted by η0): 

          (2) 

     (3) 
where Ac is the assumed contact area, ПН and ПM are dimensionless functions, and ν is Poisson's ratio. Linear and 
nonlinear micromechanics provide a convenient way to define these functions [36-40]. 

Purpose of the work. Controlling the packing density of calcium silicate hydrates from the point of view of the 
micromechanics of composite media. 

 
Мaterials and Methods 

Experimental studies were carried out on modern high-tech equipment of the Russian Academy of Sciences and 
leading Russian and foreign universities. 

The following raw materials were used: 
- for the composite binder (CB): Portland cement CEM 32.5N, an aluminosilicate additive (ASA) obtained by 

purifying an ash and slag mixture, hydrothermal nanosilica in two forms (sol and powder); 
- for the concrete mix: superplasticizer Pantarhit PC 160 (SP), quartz sand (S), and basalt fiber. 
From the point of view of the law of similarity, basalt microfiber has similar deformation characteristics with 

cement paste (linear coefficients of thermal expansion 8 · 10-6 and 10 · 10-6 ° С-1, respectively). This enhances the 
adhesion of the CSH-gel to the fiber surface and increases the shear stress of the cement matrix relative to the fiber 
surface, and thus a synergistic enhancement of the action of the different-scale combination "nanosilica – basalt 
microfiber" is manifested. 

 
Results and Discussion 

The modified composite binder, sand and basalt fiber in dry form were mixed until homogeneous, then a homo-
geneous mixture of water, nanosilica sol and SP was poured in and mixed (Table 1). 

Table 1 
Experimental proportions of fiber-reinforced concrete 

Mix ID* Cement АSA SiO2
** Water SP Sand Fiber 

Ref-1-2 100 - - 40 1.1 300 1,5 
Ref 1-3 100 - - 40 - 300 1,5 
Ref-3 70 30 - 40 1.1 300 1,5 
001SAF 69.99 30 0.086 

0.01 
0.08 

39.72 0.33 300 1,5 

1SAF 69.00 30 8.6 
1.0 
8.0 

31.74 1,1 300 1,5 

2SAF 68.00 30 17.2 
2.0 
16.0 

23.87 1,55 300 1,5 

3SAF 67.00 30 25.8 
3.0 
24.0 

15.88 2,2 300 1,5 
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Continuation of table 1 
2SАCF 68.00 30 17.2 

2.0 
16.0 

23.87 1,55 300 1,5 

3SАCF 67.00 30 25.8 
3.0 
24.0 

15.88 2,2 300 1,5 

001PAF 69.99 30 0.01 39.80 0,33 300 1,5 
1PAF 69.00 30 1 39.34 1,1 300 1,5 
2PAF 68.00 30 2 39.07 1,55 300 1,5 
3PAF 67.00 30 3 38.68 2,2 300 1,5 
2PAСF 68.00 30 2 39.07 1,55 300 1,5 
3PAСF 67.00 30 3 38.68 2,2 300 1,5 
1LCF 79 - 0.086 

0.01 
0.08 

23.74 1,1 300 1,5 

2LCF 78 - 86 
1.0 
8.0 

15.87 1,55 300 1,5 

3LCF 77 - 17.2 
2.0 
16.0 

7.88 2,2 300 1,5 

4LCF 68 - 25.8 
3.0 
24.0 

11.87 1,55 300 1,5 

Note: 
* LCF - low cement + fiber; SAF - sol + ASA + fiber; PAF – nanopowder + ASA + fiber; SACF and PACF – com-
plex additive SiO2 + SP. 
** For compositions of the SAF and LCF type, in the SiO2 column: the first line shows the consumption of sol, the 
second – the consumption of solid SiO2 nanoparticles in the composition of the sol, and the third – the consumption 
of the sol 
 

The structure-forming role of the filler is most pronounced with an increase in the interaction surface, these 
conditions are implemented in fine-grained concrete using sand from the Razdolnenskoye field based on the CB, 
which, due to a highly developed surface, allow intensifying the processes of structure formation and accelerating 
hardening at an early age, as well as densifying the structure. 

The effect of increasing the compressive strength of cement composites modified with sol and basalt microfiber 
(Figure 1) increased with an increase in the SiO2 dosage from 0.01 to 3.0% of the cement mass, with particular 
manifestation at an early age. 
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Fig. 1. Dependence of the flexural strength of the samples on 

the dosage of the sol of SiO2 nanoparticles wt. % 
 
The synergistic effect of two materials of different scales can be estimated by comparing the absolute value of 

the increment in flexural strength with a dosage of SiO2 nanoparticles in an amount of 3 wt. % for the composition 
of SF groups (sol + fiber) relative to the control in group S (modification with sol) with a simple sum of absolute 
increments of flexural strength due to the independent modifying action of SiO2 nanoparticles and microfiber: at 
the age of 1 day is 2.8 MPa (relative contribution 82.9% of SiO2 nanoparticles, 7.1% of microfiber) and 1.2 MPa 
(2.33 times more); 7 days age is 4.1 MPa (48.8% – SiO2 nanoparticles, 51.2% of microfiber) and 3.2 MPa (1.28 
times), 28 days is 80 MPa (41.25% of SiO2 nanoparticles, 58.75% of microfiber) and 6.2 MPa (1.29 times higher), 
for the 3SFC composition is 9.3 MPa (49.5% of SiO2 nanoparticles, 50.5% of microfiber) and 6.7 MPa (1.38 times 
higher). The relative contribution of nanoparticles to the synergistic effect is higher at an early age (1 day) due to a 
relatively larger increase in the volume of CSH gel at this stage of alite hydration and a relatively larger contribu-
tion of the pozzolanic reaction. 

SiO2 nanoparticles accelerate the kinetics of C3S hydration and participate in the pozzolanic reaction, increasing 
the volume fraction of calcium silicate hydrates CSH (I) with a low Ca / Si ratio, and ultimately promoting an in-
crease in the volume of the CSH gel. In addition, SiO2 nanoparticles increase the bulk packing density η of 
nanogranules in the HD phase of the CSH gel, as a result of which the mechanical characteristics of the phases - M, 
H increase. the fact that within the volume of a denser HD-phase the adhesion of the CSH-gel to the microfiber sur-
face is enhanced, the shear stress of the CSH-gel relative to the fiber surface increases, and, thus, a synergistic en-
hancement of the action of the different-scale combination "SiO2 nanoparticles and basalt microfiber" is manifest-
ed. 

The effect of the increment in compressive and flexural strength, referred to the dosage of SiO2 nanoparticles, 
decreased according to power-law dependences, which can be approximated with a high statistical factor R2 for SF 
cement composites modified with sol and basalt microfiber, for an age of 28 days by the equations: 

∆R28
com/[SiO2] = A/[SiO]z, A=25.379, z=0.62, R2 = 0.9832     

∆R28
flex/[SiO2] = A/[SiO]z, A=27.699, z=0.66, R2 = 0.9892     

Power-law dependences of type A / [SiO]z for ∆Rcom / [SiO2] and for ∆Rflex / [SiO2] for compositions of SF, PF 
groups with ages of 1 and 7 days were found by approximating experimental data with high statistical factors R2. 

According to the results presented, there is a high early strength. In particular, for samples with a sol of nanosil-
ica, an almost doubling of the ultimate strength in compression is traced for 1 day at a dosage of SiO2 in an amount 
of 3%. In addition, a monotonic increase in strength with an increase in the SiO2 dosage is characteristic. In addi-
tion, a noticeable effect can be traced with the combined introduction of SiO2 and SP, when they are premixed. 
Combinations of "fiber + sol" and "fiber + nanopowder" with a quadrupling of strength have a significant effect on 
the flexural strength. Successful approximations of the compressive strength and bending strength on the SiO2 dos-
age are traced for compositions with the inclusion of sol and sol with fiber for different ages (1, 7, and 28 days) 
with a regular behavior of the coefficients in power-law dependences. For compositions with the inclusion of SiO2 
nanopowder and silica nanopowder with a fiber, the approximations are similar). 
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Water resistance of heavyweight concrete modified with sol of SiO2 nanoparticles in an amount of 1.0 wt. %, 
was determined according to the Russian standard GOST 12730.5. In the absence of water filtration on the opposite 
face of the cube sample with dimensions of 100 × 100 × 100 mm3 for 12 hours at a pressure of 1.0 MPa, the water 
resistance grade of the control unmodified samples corresponded to W8. Samples modified with SiO2 nanoparticles 
at a dosage of 1.0 wt. %, showed the absence of filtered water at a pressure of 1.8 MPa, and corresponded to the 
W18 grade for water resistance. When modifying heavyweight concrete with SiO2 nanoparticles, in accordance 
with the kinetic curves of water absorption, the average diameter and volume of capillary pores decreased. 

In this study, cement composites of the group (SA and PA) and group (SF and PF) showed the same grade for 
water resistance depending on the dosage of SiO2 nanoparticles, which depends on the average diameter and vol-
ume of capillary pores: at a dosage of SiO2 nanoparticles 0.01-0.1 wt. % are W10-W12 (1.0-1.2 MPa), 0.25-1.0 wt. 
% are W14 (1.4 MPa), 2.0 wt. % is W16 (1.6 MPa), 3.0 wt. % is W18 (1.8 MPa) (Fig. 2). 

 
Fig. 2. Dependence of the working pressure corresponding to the 

water resistance grade on the dosage of SiO2 nanoparticles 
 
Statistical correlations were found between the mechanical characteristics of Rcom

28 and Rflex
28 and the filtration 

coefficient Kf (Fig. 3). The filtration coefficient Kf is defined as the ratio of the volume of water Qf filtered through 
the sample cross section for a certain time τ to the pressure drop between the sample faces in the filtration direction 
(P - 0.1 MPa) multiplied by the dynamic viscosity of water µ at a temperature of 20°C, ρw is the density water, g is 
the acceleration of gravity and the distance between the sample faces δ: Kf = (µ ∙ ρw ∙ g ∙ δ ∙ Qf) / (P - 0.1) ∙ τ. With 
an increase in the dosage of SiO2 nanoparticles from 0.0 to 3.0 wt. % in compositions S modified by sol, the Kf co-
efficient decreased from 1.36 ∙ 10-6 cm / s to 0.329 ∙ 10-6 cm / s. For the correlation (Rcom

28 - Kf) the polynomial 
function corresponded better, correlations (Rflex

28 - Kf) - the linear function (Fig. 3): 
 

Rcom
28: y = 7.0∙1012∙ x2 – 2.0∙107x + 51.853, R² = 0.9624      

Rflex
28: y = -1.0∙106∙x + 5.6299, R² = 0.9342      
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а)  
 

b)  
Fig. 3. Statistical correlations between the mechanical characteristics of cement  

composites S and the filtration coefficient.  a) Rcom
28 – Kf, b) Rflex

28 – Kf 
 
The frost resistance of cement composites was determined by the number of freeze-thaw cycles, after which the 

compression strength loss did not exceed 10% and the weight loss did not exceed 2% relative to the control sam-
ples, and there were no cracks and chips. The frost resistance grade corresponded to the number of cycles. With a 
dosage of nanosilica in an amount of 0.25 wt. % for the compositions of cement composites modified with SiO2 
nanoparticles and a combination of SiO2 nanoparticles – basalt microfiber, the number of completed cycles in-
creased from 200 to 300 (Fig. 4). 

 
 

Fig. 4. Loss of compressive strength in freeze-thaw cycles 
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Fig. 5 shows the kinetic curves of water absorption of concrete samples. Fig. 5 and Table 2 that the relative rate 
of weight gain in the modified concrete samples was lower, and this difference in the relative rate of weight gain 
increased with raising SiO2 dosage. The total pore volume of the modified concrete was lower and decreased with 
increasing SiO2 dosage. The porous structure index λ and the pore homogeneity index α, calculated from the results 
of the water saturation kinetics  according to the Russian standard GOST 12730-4 
changed depending on the dosage of SiO2; where Wmax is the maximum change in concrete mass as a result of wa-
ter absorption. 

 
                                            a)                                                                                b) 

Fig. 5. Kinetics of water absorption Wt of samples modified with SiO2 sol:  
a) in the range of 0-12 days, b) in the range of 0-24 hours 

Table 2 
Water resistance characteristics of the developed composites 

Sample Filtration level / water pressure Duration, hour: min Grade 
Ref-1-1 5 / 1.0 MPa 66:51 W10 
001SAF 6 / 1,2 MPa 82:27 W10 

1SAF 6 / 1,2 MPa 81:29 W10 
2SAF 10 / 2.0 MPa 146:55 W18 
3SAF 9 / 1,8 MPa 133:24 W18 

3SACF 10 / 2.0 MPa 147:42 W18 
 
The λ index decreased, and the α index increased with a raise in the SiO2 dosage, which corresponded to a de-

crease in the average pore diameter and an increase in the homogeneity of the differential distribution of pore vol-
ume over the diameter. The following values of the parameters λ and α were established for different dosages of 
SiO2: 

Ref-1-1 – control sample, maximum water saturation (according to drying data) Wmax = 6.28%, λ = 1.50, α = 
0.30; 

001SAF – sample with addition of SiO2 = 0.01%, Wmax = 6.27%, λ = 0.239, α = 0.469, 
1SAF – sample with addition of SiO2 = 1%, Wmax = 5.72%, λ = 0.080, α = 0.706, 
2SAF – sample with addition of SiO2 = 2%, Wmax = 5.41%, λ = 0.0542, α = 0.824. Taking into account that the 

porous structure index λ is proportional to the 3rd degree of the average pore diameter, at a dosage of SiO2 = 3%, λ 
decreased by 28.4 times compared with the control sample, and the average pore diameter, respectively, decreased 
by 3.05 times. The relative weight loss during drying was lower for the modified concrete and decreased with in-
creasing SiO2 dosage. At the end of drying, the weight reduction for unmodified concrete was 6.25%, for modified 
concrete at a SiO2 dosage of 0.01 wt. % is 6.2%, 2.0 wt. % is 5.7%, 3.0 wt. % is 5.4%. Four days after the start of 
drying, the weight reduction in unmodified concrete was 4.1%, with a SiO2 dosage of 0.5 wt. % is 3.8%, 2.0 wt. % 
is 3.4%, 3.0 wt. % is 2.9%. 

Thermal resistance is an important performance characteristic for runways and spaceport coatings. The number 
of thermo-shifts causing the destruction of the sample at different temperatures is given in Table 3. The increase in 
thermal resistance of the developed composites is explained by the influence of nanosilica on the formation of the 
concrete structure, especially in the interfacial transition zone between the binder matrix, sand grains and fiber. 
Heat resistance is increased due to the introduction of basalt microfiber. However, nanosilica turned out to have a 
stronger effect on thermal stability in the compositions SAF, PAF, and LC. With an increase in the dosage of nano-
silica, the heat resistance parameters increased. Moreover, according to their dependence on the SiO2 dosage, it can 
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be seen that a further increase in the dosage will lead to a significant increase in performance. These results cannot 
be explained by the influence of nanosilica alone; here the synergistic effect of the composite binder is traced, as 
well as the interaction of sand particles with the microfiber surface. 

Table 3 
Heat resistance of the developed composites 

Mix ID Number of heat cycles before destruction 
700°С 900°С 1100°С 

001SAF 5 5 1 
1SAF 10 8 3 
2SAF 12 9 5 
3SAF 15 12 7 
001PAF 6 4 2 
1PAF 9 9 3 
2PAF 13 9 4 
3PAF 14 13 8 
1LC 8 7 3 
2LC 11 8 4 
3LC 14 11 6 
4LC 16 13 8 
Ref-1 4 3 1 
Ref-1-1 8 6 2 
Ref-2 5 4 0 
Ref-3 7 6 1 

 
The effect of the influence of SiO2 nanoparticles is more pronounced on compositions 2LC, 3LC and, especial-

ly, 4LC, with a forced lower amount of binder. In these formulations, the microfiber-sand ratio was the same as in 
the SF and PF formulations. 

To understand the complex effect of the composition and structure of the composite on its performance charac-
teristics, it is necessary to compare the results for heat resistance with the results for flexural strength in the same 
compositions. Flexural strength correlates with crack resistance, both under the action of mechanical loading and 
under the action of stresses arising from temperature gradients. 

The most probable mechanism for increasing thermal stability is an increase in the characteristics of the struc-
ture of the CSH gel. The introduction of SiO2 nanoparticles leads, due to an increase in the amount of hydrates and 
the pozzolanic reaction, to a decrease in the total capillary porosity, a decrease in the λ index of the pore structure 
and, accordingly, a decrease in the average pore diameter. Also, the bulk density of the packing of particles in-
creases, the modulus of elasticity and the hardness of the phases of the CSH gel increase. As a result, SiO2 nanopar-
ticles increase the flexural strength and mechanical coefficients of fracture toughness, including under the action of 
temperature gradients. 

 No visible effect was observed on the surface of the samples heated to 700°C. Large cracks and partial cracking 
of the samples were observed at 900°C. Samples lost integrity at 1100°C. The properties of concrete after exposure 
to temperature can be assessed by observing the color change of the concrete. 

The degree and nature of chipping, flaking and weight loss varied. Chipping was considered negligible when 
only superficial corrosion occurred. However, cracks can affect the thermal stability and load-bearing capacity of a 
structural member if it subjects the fiber to rapid heating. Thus, the effects of flaking depend on the concrete appli-
cation. For example, cracks, which in most structures can be considered minor, pose serious problems for concrete 
runways used for military aircraft. 

The products obtained as a result of studies of materials for special-purpose road surfaces were protected by RF 
patents for invention: 

- No. 2691035, priority date 07.12.2018 "Highway"; 
- No. 2665324, priority date 05.10.2017 "Conductive concrete". 
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Conclusions 
1. Scientifically substantiated and experimentally confirmed the possibility of obtaining effective fiber-

reinforced concretes on the developed modified composite binder, providing high strength properties (Rcom> 48 
MPa, Rflex> 13 MPa) and performances (water resistance grade – W18, frost resistance grade – F300, high heat re-
sistance in the temperature range of 700-1100°C), which makes it possible to use these composites for runways of 
airfields and cosmodromes. 

2. It was revealed that SiO2 nanoparticles lead to: acceleration of C3S hydration; to the appearance of an addi-
tional amount of calcium silicate hydrates CSH (I) due to the pozzolanic reaction; an increase in the volume of 
CSH-gel and a decrease in the porosity of the solid cement composite; acceleration of the polymerization of sili-
con-oxygen tetrahedra, an increase in the degree of their polymerization; a decrease in the Ca / Si ratio in the phas-
es of the CSH gel; the formation of a more ordered structure of the CSH gel with an increased proportion of the HD 
phase with the bulk packing density of granules η = 0.78 and higher average values of M, H compared to the LD 
phase with η = 0.66. It has been established that the mechanical fracture toughness coefficients increase with a raise 
in the volume fraction of the HD phase, which has higher mechanical characteristics compared to the LD phase. 

3. From the point of view of the law of similarity, basalt microfiber has similar deformation character-
istics with cement paste (linear coefficients of thermal expansion 8 · 10-6 and 10 · 10-6 °С-1, respectively). 
This enhances the adhesion of the CSH-gel to the fiber surface and increases the shear stress of the ce-
ment matrix relative to the fiber surface, and thus a synergistic enhancement of the action of the different-
scale combination "nanosilica - basalt microfiber" is manifested. It was found that with an increase in the 
dosage of SiO2 nanoparticles, the nature of the destruction of cement composites changed: with a dosage 
of SiO2 of 0.5 wt. % and higher, the number of cracks increased, their width decreased, and the tortuosity 
coefficient Kcuv increased. 

4. It was revealed that the effective increment in compressive and flexural strength, related to the dos-
age of nanosilica, decreases according to power-law dependences, which can be approximated with a high 
statistical factor R2 for modified composites. High values of early strength were established, in particular, 
with a dosage of nanosilica in an amount of 3%, a doubling of the compressive strength at the age of 1 
day is observed. In this case, the combination of microfiber – nanosilica with a quadrupling of this char-
acteristic has a synergistic effect on the flexural strength. 

5. The positive influence of the composition of the developed composite on the performances has been 
proved. The water resistance of the modified composite provides a water pressure of 2 MPa for 148 
hours, which corresponds to the W18 grade (for the control sample – W8), the frost resistance grade – 
F300. It was found that the water absorption of the modified concrete samples was lower than that of the 
control sample, which is explained by the decrease in the pore structure index λ by 28.4 times, and the 
average pore diameter by 3.05 times. The total pore volume of the modified concrete was lower and de-
creased with increasing dose of nanosilica. 

 
References 

1. Ramakrishnan K., Depak S.R., Hariharan K.R., Abid S.R., Murali G., Cecchin D., Fediuk R., Mugahed 
Amran Y.H., Abdelgader H.S., Khatib J.M. Standard and modified falling mass impact tests on preplaced ag-
gregate fibrous concrete and slurry infiltrated fibrous concrete. Construction and Building Materials. 2021. 298. 
153857. 

2. Lesovik V.S. Construction Materials. Present and future. Vestnik MGSU. 2017. 1. P. 9 – 16. (rus.) 
3. Lesovik V.S., Fomina E.V., Aizenshtadt A.M. Some aspects of technogenic metasomatism in building mate-

rials science. Stroitel’nye Materialy. 2019. 1-2. P. 100 – 106. (rus.) 
4. Lesovik V.S. Geonika (geomimetika). Examples of implementation in building materials science. Belgorod: 

Publishing house of BSTU im. V.G. Shukhova, 2016. 287 p. (rus.) 
5. Bazhenov Yu.M., Proshin A.P., Yeremkin A.I., Korolev Ye.V. Extra Heavy Concrete for Radiation Protec-

tion. Stroitel’nyeMaterialy. 2005. 8. P. 6 – 8. (rus.) 
6. Korolev Ye.V., Ochkina N.A., Bazhenov Yu.M., Proshin A.P. Radiation-protective properties of very heavy 

mortars based on high-alumina cement. Stroitel’nye Materialy. 2006. 4. P. 54 – 56. (rus.) 
7. Strakhov V.L., Garashchenko A.N. Fire protection of building structures: modern means and methods of op-

timal design. Stroitel’nye Materialy. 2002. 6. P. 2 – 5. (rus.) 



Строительные материалы и изделия  2021, Том 4, №5 
Construction Materials and Products  2021, 4 (5) 

  
 

 14

8. Kaprielov S.S., Travush V.I., Karpenko N.I., Sheinfeld A.V., Kardumyan G.S., Kiseleva Yu.A., Prigozhenko 
O.V. Modified high-strength concretes of B80 and B90 classes in monolithic structures. Part II. Stroitel’nye Mate-
rialy. 2008. P. 9 – 13. (rus.) 

9. Constantinides G., Ulm F.-J., Van Vliet K.J. On the use of nanoindentation for cementitious materials. Mate-
rials and Structures. 2003. 36. P. 191 – 196. 

10. Constantinides G., Ulm F.-J. The effect of two types of C-S-H on the elasticity of cement-based materials: 
Results from nanoindentation and micromechanical modeling. Cement and Concrete Research. 2004. 34. P. 67 – 
80. 

11. Cheng Y.T., Cheng C.M. Scaling relationships in conical indentation of elastic perfectly plastic solids. In-
ternational Journal of Solids Structures. 1999. 36. P, 1231 – 1243. 

12. Ganneau F.P., Constantinides G., Ulm F.-J. Dual-indentation technique for the assessment of strength prop-
erties of cohesive-frictional materials. International Journal of Solids Structures. 2006. 43. P. 1727 – 1745. 

13. Donev A., Cisse I., Sachs D., Variano E.A., Stillinger F.H., Connely R., Torquato S., Chaikin P.M. Improv-
ing the density of jammed disordered packings using ellipsoids. Science. 2004. 303. P. 990 – 993. 

14. Sloane. N.J.A. Kepler’s conjecture confirmed. Nature. 1998. 395. P. 435 – 436. 
15. Oliver W.C. Pharr G.M. An improved technique for determining hardness and elastic modulus using load 

and displacement sensing indentation experiments. Journal of Materials Research. 1992. 7 (6). P. 1564 – 1583. 
16. Ulm F-J., Constantinides G., Heukamp F.H. Is concrete a poromechanics material? A multiscale investiga-

tion of poroelastic properties. Materials and Structures. 2004. 37 (265). P. 43 – 58. 
17. Ulm F.-J., Vandamme M., Bobko C., Ortega J.A., Tai K., Ortiz C. Statistical indentation techniques for hy-

drated nanocomposites: concrete, bone, and shale. Journal of American Ceramic Society. 2007. 90 (9). P. 2677 – 
2692. 

18. Cariou S., Ulm F.-J., Dormieux L. Hardness-packing density scaling relations for cohesive-frictional porous 
materials. Journal of Mechanics Physic Solids. 2008. 56. P. 924 – 952. 

19. Bobko C.P., Gathier B., Ortega J.A., Ulm F.-J., Borges L., Abousleiman Y.N. The nanogranular origin of 
friction and cohesion in shale – A strength homogenization approach to interpretation of nanoindentation results. 
International Journal of Numerical Analysis Methods Geomechanics. 2011. 35. P. 1854 – 1876. 

20. Vandamme M., Ulm F.-J., Fonollosa P. Nanogranular packing of C-S-H at substochiometric conditions. 
Cement and Concrete Research. 2010. 40. P. 14 – 26. 

21. Chen J.J., Sorelli L., Vandamme M., Ulm F.-J., Chanvillard G. A coupled nanoindentation/SEM-EDS study 
on low water/cement ratio Portland cement paste: Evidence for C-S-H/Ca(OH)2 nanocomposites. Journal of Amer-
ican Ceramic Society. 2010. 93. P. 1484 – 1493. 

22. Salemi N., Behfarnia K. Effect of nano-particles on durability of fiber-reinforced concrete pavement. Con-
struction and Building Materials. 2013. 48. P. 934 – 941. 

23. detukasi A.O. Fadugba O.G., Adebakin A.O., Adetukasi  I.H., Omokungbe O. Strength characteristics of fi-
bre-reinforced concrete containing nano-silica. Materials Today: Proceedings. 2021. 38 (2). P. 584 – 589. 
https://doi.org/10.1016/j.matpr.2020.03.123 

24. Konkol J., Prokopski G. Fracture toughness and fracture surfaces morphology of metakaolinite-modified 
concrete. Construction and Building Materials. 2016. 123. P. 638 – 648. 

25. De Jong M.J., Ulm F.-J. The nanogranular behavior of C-S-H at elevated temperatures (up to 700 degrees 
C). Cement and Concrete Research. 2007. 37. P. 1 – 12. 

26. Zhu W., Hughes J.J., Bicanic N., Pearce C.J. Nanoindentation mapping of mechanical properties of cement 
paste and natural rocks. Materials Characterization. 2007. 58. P. 1189 – 1198. 

27. Hou P., Wang, K., Qian, J., Kawashima S., Kong D., Shah S.P.. Effects of colloidal nano-SiO2 on fly ash 
hydration. Cement and Concrete Composites. 2012. https://doi.org/10.1016/j.cemconcomp.2012.06.013 

28. Hou P.K., Kawashima S., Wang K.J., Corr D.J., Qian J.S., Shah S.P. Effects of colloidal nanosilica on rheo-
logical and mechanical properties of fly ash-cement mortar. Cement and Concrete Composites. 2013. 
https://doi.org/10.1016/j.cemconcomp.2012.08.027 

29. Sharma U., Singh L.P., Ali D., Poon C.S. Effect of particle size of silica nanoparticles on hydration reactivi-
ty and microstructure of C-S-H gel. Advanced Civil Engineering Materials. 2019. 
https://doi.org/10.1520/ACEM20190007 

30. Singh L.P., Zhu W., Howind T., Sharma U. Quantification and characterization of C-S-H in silica nanoparti-
cles incorporated cementitious system. Cement and Concrete Composites. 2017. 
https://doi.org/10.1016/j.cemconcomp.2017.02.004 



Строительные материалы и изделия  2021, Том 4, №5 
Construction Materials and Products  2021, 4 (5) 

  
 

 15

31. John E., Matschei T., Stephan D.  Nucleation seeding with calcium silicate hydrate – A review. Cement and 
Concrete Research. 2018. 113. P. 74 – 85. https://doi.org/10.1016/j.cemconres.2018.07.003 

32. Abdolhosseini Qomi M.J. Combinatorial molecular optimization of cement hydrates. Nature Communica-
tions. 2014. 5 (4960). P. 1 – 10. https://doi.org/10.1038/ncomms5960 

33. Cong X., Kirkpatrick R.J. 29Si and 17O NMR investigation of the structure of some crystalline calcium sili-
cate hydrates. Advanced Cement Based Materials. 1996. 3. P. 133 – 143. 

34. Lee, S.Y., Hyder, L.K., Alley P.D. Microstructural and mineralogical characterization of selected shales in 
support of nuclear waste respository studies. In: Bennet, R.H., Bryant, W.R., Hulbert, M.H. (Eds.), Microstructure 
of Fine-Grained Sediments, from Mud to Shale. Springer-Verlag, New York. 1991. P. 545 – 560. 

35. Oliver W.C., Pharr G.M. Measurement of hardness and elastic modulus by instrumented indentation: Ad-
vances in understanding and refinements to methodology. Journal of Materials Research. 2004. 19 (1). P. 3 – 20. 

36. Anstis G.R., Hantikul P., Lawn B.R., Marshall D.B. A Critical Evaluation of Indentation Techniques for 
Measuring Fracture Toughness: I, Direct Crack Measurements. Journal of the American Ceramic Society. 1981. 64 
(9). P. 533 – 538. 

37. Potapov V., Efimenko Yu., Fediuk R., Gorev D., Kozin A., Liseitsev Yu. Modification of Cement Compo-
sites with Hydrothermal Nano-SiO2. Journal of Materials in Civil Engineering. 2021. DOI: 
10.1061/(ASCE)MT.1943-5533.0003964 

38. Zhdanok S.A., Potapov V.V., Polonina E.N., Leonovich S.N. Modification of Cement Concrete by Admix-
tures Containing Nanosized Materials. Journal of Engineering Physics and Thermophy. 2020. 

39. Tkachev A.G., Zolotuhin I.V. Apparatus and methods for the synthesis of solid-state nanostructures. M.: 
Mashinostroenie, 2007. 316 p. (rus.). 

40. Potapov V., Efimenko Y., Fediuk R., Gorev D. Effect of hydrothermal nanosilica on the performances of 
cement concrete. Construction and Building Materials 2021. 269. 121307. 

 
For citation: Fediuk R.S., Yoo D.-Y. Structure formation of c-s-h from the position of micromechanics of com-

posite media. Construction Materials and Products. 2021. 4 (5). P. 5 – 15. DOI: 10.34031/2618-7183-2021-4-5-5-
15 

 
Поступила в редакцию 25 июня 2021 г.       Received: June 25, 2021. 
Принята в доработанном виде 12 июля 2021 г.      Revised: July 12, 2021. 
Одобрена для публикации 28 августа 2021 г.     Accepted: August 28, 2021. 


