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Abstract: This article presents the results of a study on the influence of a three-level dis-
persed composition of the clinker component of a binder, which includes coarse, medium,
and fine fractions, on the physical and mechanical properties of self-compacting concrete
(SCC). One of the current challenges in SCC technology is enhancing its durability and
resistance to aggressive environments while maintaining self-consolidating properties.
Addressing this challenge holds significant engineering importance, especially for infras-
tructure under freeze–thaw cycles and chemical exposure. The work aimed to determine
the optimal polyfractional composition that ensures the maximum packing density of
cement binder particles and to assess the changes in the operational characteristics of SCC.
A software and calculation complex featuring a three-dimensional modeling algorithm,
Drop and Roll, was used to select the optimal composition. Experimental studies were
conducted for mixtures with varying fraction contents, differing in average particle sizes
of 12 µm, 6.6 µm, and 4.9 µm. It was found that the optimum composition, consisting of
15% of the 1500 cm2/g fraction, 75% of the 3000 cm2/g fraction, and 10% of the 4500 cm2/g
fraction, contributes to an increase in compressive strength of 26%, bending strength of
10%, a times two increase in freeze-thaw resistance, a decrease in water absorption, and an
improvement in chemical resistance to aggressive environments. The results confirm the
effectiveness of optimizing the grain composition of the binder to enhance the durability
and performance characteristics of SCC used in aggressive conditions.

Keywords: self-compacting concrete (SCC); polyfractional binder; packing density; chemical
resistance of concrete; freeze–thaw chemical resistance of concrete

1. Introduction
An urgent task in modern construction in the Republic of Kazakhstan is to increase

the durability and operational reliability of hydraulic structures and irrigation systems,
on which the degree of wear reaches about 70%. Such structures operate under complex
impacts from aggressive factors, including water with high mineralization, the cavitation
effect of flows, and sharp daily and seasonal temperature fluctuations that involve multiple
transitions through 0 ◦C during the autumn–winter period. These factors provoke the inten-
sive development of destructive processes in the concrete matrix, contributing to leaching,
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carbonation, frost destruction, and the effects of salt solutions, which inevitably lead to a
decrease in the strength and durability of structures [1,2]. In light of the need to extend the
service life of hydraulic structures, special attention is given to materials with improved
operating characteristics, among which the use of SCC is considered a promising direction.
This material is characterized by high homogeneity, structural density, and resistance to
external influences. However, despite the significant potential for the use of SCC, its imple-
mentation in Kazakhstan remains limited due to insufficient scientific development, the
absence of mass production of modern modified additives, a weak technological base of
enterprises, and a lack of practical experience in calculating and designing structures using
such materials, resulting in non-compliance with the requirements of current regulatory
documents, such as SP RK EN 1992-1-1:2004 and ST RK EN 206-2017 [3].

Increasing the durability and operational reliability of structures made of SCC is pos-
sible through the use of protective coatings and polymer compositions, but these have
several limitations. In particular, thin protective layers (about 0.2 mm) are susceptible to
mechanical damage, which reduces their effectiveness in aggressive conditions [4]. Further-
more, while polymer compositions exhibit high resistance to external influences, their use is
economically impractical in mass construction due to the high cost of components [5]. Thus,
the most rational solution for enhancing the operational reliability of SCC is to modify the
structure of the cement stone itself by utilizing multicomponent chemical–mineral additives
that promote the formation of a dense and durable structure resistant to aggressive environ-
ments [6]. Additionally, Lang et al. demonstrated that ternary binder systems combining
industrial by-products (slag and manganese residue) with cement can significantly reduce
environmental impact while maintaining or enhancing concrete durability [7].

Previous studies have shown that using mineral additives in heavy concretes can
reduce shrinkage deformations by 20% and increase frost and water resistance by up to
25% [8]. This highlights the potential for further research into improving the performance
characteristics of concrete by optimizing its microstructure and permeability. An analysis
of scientific and technical literature allowed us to formulate a hypothesis that increasing
the resistance of concrete to aggressive impacts can be achieved through mathematical opti-
mization of the grain composition of the cement binder. This approach is based on forming
a polydisperse structure of the cement matrix with efficient particle packing, which helps
enhance the characteristics of concrete throughout its entire service life [9]. Optimization of
the binder structure involves a detailed study of structure formation processes using topo-
logical analysis methods, which treat the binder as a spatial system of dispersed particles
and phase formations interacting during the hydration process [10]. The most common
method for studying the packing of dispersed systems is mathematical modeling using a
complex sphere model, which enables the analysis of the packing density and interaction of
particles of different sizes [11]. For monodisperse systems, the maximum packing density
reaches F = π/

√
18 ≈ 0.74 with simple cubic or hexagonal packing (Figure 1). However,

with a rational selection of the ratios of diameters and volume fractions of the components,
it is possible to form a polydisperse structure with an even higher packing density, which
ensures an increase in the strength and durability characteristics of the material [12].

The present study proposes a sequential volume-filling model with spherical particles
to form a thermodynamically stable, polydisperse cement–stone structure. This model
enables denser packing than traditional approaches based on similar structures. An analysis
of the scientific publications on the structural topology of cement binders, the corrosion
resistance of concrete, and the mechanisms of destruction of the cement matrix under the
influence of aggressive environments shows there has been insufficient study of the issues
related to the creation and practical application of polydisperse cement systems in modern
building materials [13].
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At the same time, existing studies mainly focus on monodisperse mixtures or limited
polydisperse systems, and the possibilities of using software and computational complexes
based on three-dimensional modeling to optimize the binder composition remain insuffi-
ciently explored. The lack of a systematic approach to the experimental substantiation of the
optimal parameters of polydisperse cement matrices underscores the relevance of this study,
which aims to improve the operational reliability of SCCs used in aggressive environments
by integrating mathematical modeling, theoretical analysis, and experimental data.

2. Materials and Methods
The research involved both theoretical and applied methods. The theoretical aspect

was grounded in mathematical principles, considering mathematics, construction materials
science, and colloid chemistry, along with analysis and modeling. This facilitated a deeper
exploration of the topology of dispersed systems and a comparison of results with those
from previous research groups, concentrating on the durability and operational reliability
of SCC. The applied research aimed to validate the theoretical hypothesis regarding the
feasibility of using polydisperse binders in SCC. Experiments were carried out to evaluate
the theoretical conclusions about the durability and operational reliability of the resulting
SCC, as well as to process and document the results obtained in accordance with standards.
All materials used in the study were sourced and produced in Kazakhstan. All studies and
tests adhered to the regulatory documentation in effect in Kazakhstan.

The study aimed to determine the optimal polyfractional composition, based on the
cement clinker component, which achieves maximum or near-maximum spatial packing of
polyfractional binder particles, thereby contributing to the transformation of the physical
and mechanical properties of SCC. To verify the scientific hypothesis and achieve the
aim of improving the structure and performance properties of SCC through the use of
technology to optimize its most vulnerable component—cement stone—based on the
principle of polydisperse structure formation and utilizing modern three-dimensional
modeling algorithms, a set of research tasks was established as follows [14]:

• A computational validation of the potential to obtain a hardened cement matrix with
an ordered fine crystalline structure by controlling the binder (cement) composition
with varying dispersity and high packing density;

• Laboratory studies of concrete samples of SCC with variable compositions of polyfrac-
tional cement focused on identifying the optimal composition regarding the bifurcation
processes of the physical and mechanical properties of concrete.

The research included two consecutive stages: a preliminary stage of the study and
the main stage.

During the preliminary studies, the following works were carried out:

• Mathematical modeling of the packing density of polyfractional compositions to
identify the most efficient dispersed cement powders;
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• Preliminary assessment of the strength of SCC based on the most efficient dispersed
powders to select the most prospective compositions for the subsequent main research.

During the main studies, laboratory tests were carried out, including an assessment of
the following physical and mechanical properties of concrete:

• X-ray phase analysis;
• Evaluation of compressive and bending strength;
• Evaluation of water saturation (absorption);
• Evaluation of water permeability;
• Evaluation of frost resistance;
• Evaluation of chemical resistance.

The composition of self-compacting concrete C35/45, developed at the Temirbeton-
1 plant, is based on quick-hardening Portland cement with an additive content of no
more than 5%, and was used as a reference sample. According to the basic characteristics
required for SCC, the material has the following rheological indicators: workability class
of the mixture SF2 (670 mm) and viscosity class VF2 (14 s), according to [15]. Since the
proposed composition includes only polyfractional cement (instead of standard cement),
the rheological properties were not considered as evaluation criteria. The composition of
the reference sample is presented in Table 1.

Table 1. Composition of the reference sample SCC.

W/C Ratio Cement,
kg/m3

Sand,
kg/m3

Crushed
Stone,

5–10 mm,
kg/m3

Crushed
Stone,

10–20 mm,
kg/m3

Chemical
Additive,

kg/m3

Micro
Silica,
kg/m3

Density,
kg/m3

0.35 500 900 600 150 5.0 50 2380

Portland cement clinker supplied by Standard Cement LLP (Shymkent, Kazakhstan)
was used in the studies. The chemical parameters of the Portland cement clinker are
presented in Table 2. The content of tricalcium and dicalcium silicates in the clinker was
calculated using the following formulas:

C3S = 4.07CaO − (7.6SiO2 + 6,7AI2O3 + 1,42Fe2O3), (1)

C2S = 8.6SiO2 + 5.07Al2O3 + 1.07Fe2O3 − 3.07CaO, (2)

Table 2. Characteristics of Portland cement clinker.

Characteristic Requirements of the Code
GOST 34850-2022 Value

Magnesium oxide (MgO), % no more than 5.0 3.0
Free calcium oxide (CaO)free no more than 2.0 1.5

Mass ratio of calcium oxide to silicon oxide (CaO/SiO2), % no more than 2.0 2.5
Total content of three-calcium and two-calcium silicates

(3CaO-SiO2 + 2CaO-SiO2), % at least 67 70

Note: Equations (1) and (2) are based on Bogue’s formulas, which are widely used to
estimate the content of the main clinker phases—alite (C3S) and belite (C2S)—in Portland
cement. These formulas rely on the chemical oxide composition of the cement (typically
obtained via XRF analysis) and provide an approximate phase analysis based on the
proportions of CaO, SiO2, Al2O3, and Fe2O3 [16].
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Sand from Arna LLP (Almaty region, Kazakhstan) was used for testing; its characteris-
tics are presented in Table 3.

Table 3. Characteristics of sand.

Coarseness
Modulus

True Density,
kg/m3

Bulk Density,
kg/m3

Clay and Dust
Particle Content, %

Specific Effective Activity of
Natural Radionuclides, Bq/kg

2.5 2612 1660 1.1 75.1

Granite crushed stone produced by Tas Kum LLP (Almaty region, Kazakhstan) was
used as a coarse aggregate; its characteristics are presented in Table 4.

Table 4. Characteristics of crushed stone.

Characteristic Value

Plate and needle-shaped grains, % 11.0
Dusty, silty and clayey particles, % 0.81

Crushed stone grade by crushability 1400
Crushed stone grade by frost resistance 400

Bulk density, kg/m3 1405
Specific effective activity of radionuclides, Bq/kg 89

Crushed stone grade by abrasion I-1

A chemical admixture based on polycarboxylate esters AR 122, produced by Arirang
Group LLP (Astana, Kazakhstan), was used as a superplasticizer; its characteristics are
shown in Table 5.

Table 5. Characteristics of superplasticizer AR 122.

Appearance Density at 25 ◦C,
kg/m3

Hydrogen Index,
pH

Cl- Ions Content,
Not More Than

Homogeneous
yellow colored

liquid
1040 3.6 0.1

Microsilica produced by Tau-Ken Temir LLP (Karaganda, Kazakhstan) was used as a
finely dispersed filler for SCC. Microsilica is formed during the reduction of quartz during
the production of silicon and ferrosilicon and consists of very small spherical particles
containing amorphous or glassy silicon dioxide (SiO2) in an amount of at least 95% of the
additive mass. The chemical composition is given in Table 6.

Table 6. Chemical composition of microsilica.

Mass Ratio, %

SiO2 Fe2O3 Al2O3 CaO pH q, g/cm3 Other Additives

95.89 0.06 0.25 0.44 7.77 0.45 3.36

In the study we made calculations of packing density for the system of polydisperse
cement binder powders of different grinding fineness (dispersity). The same Portland ce-
ment clinker of “Standard Cement” LLP (Shymkent, Kazakhstan) was used for preparation
of polyfractional cement, which was used for preparation of the reference sample. Polyfrac-
tional cement is represented by three fractions of different diameters, the characteristics
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of which are presented in Table 7. To create the finely dispersed fractions of the clinker
component, a Fritsch Pulverisette disc vibration impact mill was used with the following
characteristics: productivity—up to 250 mL, maximum size of loaded material—12 mm,
final size of material—less than 10 µm, engine speed—600–1500 rpm.

Table 7. Characteristics of dispersion of cement binder (fractions).

Fraction Designation Specific Surface
Area, cm2/g

Average Particle Diameter,
µm

F1 1500 12
F2 3000 6.6
F3 4500 4.9

For simplicity, further in the article, the mass proportion of each fraction in the compo-
sition of polyfractional cement, will be represented by the following expression: example—
15/75/10, i.e., the mass proportion of the fraction F1 is 15%, F2—75% and F3—10%.
Researchers argue that to reduce the influence of packing, the ratio of particle diameter to
packing size should be >20 [17]. But since the calculation of packing in 20 diameters of the
largest sphere is labor-intensive and will take a very long time, the research will consider a
single cell, with the ratio of the larger sphere diameter in the size 1:12. The largest diameter
is 12 µm; hence, the mesh size will be 144 × 144 × 144. We take the grid spacing equal to
5% of the diameter of the smallest sphere equal to 4.9 µm; hence D = 0.245. The parameter
d = 144, then we look for the tightest packing. To select the optimal composition of the
fractionated binder, a software and calculation complex with a 3D modeling algorithm,
based on the modified Drop and Roll method developed based on TvSTU, was used. This
method consists of gradual filling of the unit volume of the package with spheres, in which
they fall one by one in a random place and in a random order [18]. The input of the program
is given the initial values: parameters of the box, the number and parameters of spheres of
different fractions. At the output, an array of centers of the placed spheres, their radii and
indices of the spheres with which they come into contact is formed. The calculation of the
density of particle packing in the compositions is based on a well-known method using the
following equation:

ϱϵ = n
Vi

Vcell
, (3)

where Vi is the particle volume, n is the number of particles, Vcell is the cell volume [19].
The calculations consider that if two spheres of radius r1 and r2 are located next to

each other, then their contact can be expressed as:

d = r1 + r2, (4)

where d is the distance between the centers of two spheres.
Two spheres can be arbitrarily close (d is slightly larger than r1 + r2) without con-

tacting each other. It is known that the problem of contact assessment inevitably arises
in experimental studies, which is due to technical approximations (d cannot be measured
accurately), whereas in numerical modeling such a problem does not arise, since in this case
the position and size of the spheres are precisely known. But it should be noted that the
results, as in the case of measuring the packing density, are affected by the wall effect [18].
For this reason, a distinction is always made between experiments and modeling.
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The initial data and boundary conditions for calculating topological characteristics are
presented by the following concept:

F1 = 5%; variation F2 = 0, 5, 10, 15 . . . 95%; F3 = 95, 90, 85 . . . 0% respectively
. . .

variations of F2 and F3 at fixed values of F1, multiples of 5% increments
. . .

F1 = 95%; variation F2 = 0 and 5%; F3 = 5 and 0% respectively

, (5)

where F1, F2 and F3 are fractions of large, medium and small sizes.
The concentration increase factor of each fraction was 5%. First, all variations in the F2

to F3 ratios were considered, with a minimum fixed value of F1 = 5%. Then, all variations
in the F2 to F3 ratios were considered, with the next fixed value of F1 = 10%, and so on,
up to the maximum fixed value of F1 = 95%. The center of the corresponding cumulative
distribution was adopted as the characteristic size of each composition (for each fraction).

X-ray diffraction (XRD) analysis was performed using a Proto AXRD Benchtop powder
X-ray diffractometer with a variable radius goniometer that can be set to 143 mm for higher
line intensity or 191 mm for higher resolution of diffraction peaks, allowing the grazing
incidence of diffraction (GID) technique to be implemented. The Proto AXRD Benchtop
has all the functions of a sophisticated powder diffractometer due to the achievable peak
resolution of FWHM < 0.04◦ 2θ and angular accuracy of <±0.02◦ 2θ over the entire angular
range. A fine powder from a cement stone sample was prepared for analysis. After
obtaining the X-ray diffraction pattern, it was decoded and identified [20].

To test the SCC samples for strength according to [21], a setup with one control (Italy)
test frame was used, the maximum load of which is up to 200 MPa. To determine the
compressive strength after normal hardening at the age of 28 days, cube samples with
a working cross-section size of 150 × 150 × 150 mm were made, based on the fact that
the largest grain size of the SCC filler is 20 mm. The experimental compositions were
prepared according to the standard laboratory testing method by dosing the components
by weight, followed by mixing all components in a concrete mixer [21]. The sample was
loaded until failure at a constant load increase rate of (0.6 ± 0.2) MPa/s. For bending tests,
prism samples measuring 100 × 100 × 400 mm were prepared.

The freeze–thaw resistance tests were conducted using the basic method of repeated
freezing and thawing in a water-saturated state. The test procedure and processing of
the results were carried out in accordance with [22]. Freezing was carried out for water-
saturated samples at a temperature of minus 18 ± 2 ◦C, and thawing at a temperature
of 20 ± 2 ◦C. The freezing time of the samples was at least 2.5 h, and the thawing time
was at least 2 ± 0.5 h. After reaching a certain number of cycles (200, 300, 400, 500 and
600 cycles), control measurements of the weight loss and residual strength of the samples
were performed. The tests were carried out on cube-shaped samples with dimensions
similar to those for compressive strength tests. The tests were performed for 6 samples of
each composition (type).

The “wet spot” method was used to determine water permeability. In accordance
with the requirements of [23], the tests were carried out on cylindrical samples, 150 mm
in diameter and 150 mm in height, with the same conditions of the grain size of the SCC
filler. For each composition, 6 samples were prepared, which, before testing, were kept in a
curing chamber at a temperature of 20 ± 2 ◦C and a relative air humidity of 95 ± 5%. The
testing process involved a stepwise increase in water pressure from one side of the sample
until signs of water filtration from the opposite side of the sample appeared. The pressure
increment was 0.2 MPa, and the holding time for each step was 12 h.
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The water absorption study was conducted in accordance with the requirements
of [24]. The tests were also conducted for 6 cube samples of each series, with dimensions
similar to those used for strength tests. The samples were kept in water until completely
saturated at a temperature of 20 ± 2 ◦C. Every 24 h, the samples were weighed until
constant weight, when two successive weighings did not differ by more than 0.1%. After
complete water saturation, water absorption was determined, expressed as the ratio of the
weight of absorbed water to the weight of the dry sample.

Chemical resistance tests were performed in accordance with [25,26] and consist of
determining the chemical resistance coefficients of samples placed in an aggressive envi-
ronment. For each composition, 18 samples were prepared (3 samples for each strength
control). The studies were conducted for cube samples in three aggressive environments,
represented by the following aqueous solutions: 5% sodium sulfate (Na2SO4), 3% sodium
chloride (NaCl), and 0.01 M hydrochloric acid (HCl). The evaluation criteria were weight
loss, residual compressive and bending strength, after maintaining the samples in an ag-
gressive environment. Control measurements were carried out every 30 days for 180 days.
Based on the results of the calculation of chemical resistance coefficients, the life cycle
prediction of concrete structures was performed during their long-term exploitation un-
der conditions of aggressive environments. The life cycle prediction was based on the
determination of the reduction in the chemical resistance coefficient as follows:

lgkGR = a + b × lgτ

a =
(

lgτkGR − b × lgτ
)

b =

(
∑(lgkGRi −lgkGRi)×(lgτi−lgτi)

∑(lgτi−lgτi)
2

) , (6)

where kGR—chemical resistance coefficient calculated by potentization; lgkGR = ∑ kRGi
n —

average values of the logarithm of the chemical resistance coefficient; lgτ = ∑τi
n —average

values of the logarithm of test times; lgkGRi and lgτi—logarithms of chemical resistance
coefficients and test times in the i-th series of samples corresponding to intermediate
(control) test periods; n—number of control tests.

3. Results and Discussion
3.1. Preliminary Research
3.1.1. Modeling of Spatial Packing

The results of the calculation for modeling the packaging of the considered systems of
dispersed powders are shown in Figure 2. In the figure, point A corresponds to the position
of the composition at which the distribution of particles of a certain proportion reaches
the maximum value of compaction. Point B corresponds to the position of the optimal
composition, from the point of view of labor costs for its production. The X axis shows
the percentage of particles F1, and the Y and Z axes show F2 and F3, respectively. Due to
the very large variation in compositions, it is not possible to provide the simulation results
for all compositions; therefore, Table 8 shows selected results of composition packing,
namely: boundary compositions 100/0/0, 0/100/0, 0/0/100, as well as intermediate
compositions (increments of 20%) to demonstrate the dynamics of change in the spatial
packing of particles.

According to the simulation results, the packing density of the variable compositions
lies in the range from 0.555398 to 0.620393. The smallest packing density corresponds to
the composition 100/0/0 (F1/F2/F3), and the largest to the composition 60/20/20. Since
producing highly dispersed F3 particles is an energy-intensive procedure, the criterion for
selecting the optimal composition was to determine the one with the lowest content of
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F3 fractions, while ensuring its spatial density does not differ much from the maximum.
Looking ahead, the optimal solution, which shows positive dynamics in improving the
physical and mechanical properties of SCC, was a composition with the following ratio:
15%—with an average diameter dcp = 12 µm, fraction 1500 cm2/g; 75% with an average
diameter dcp = 6.6 µm, fraction 3000 cm2/g; 10% with an average diameter dcp = 4.9 µm,
fraction 4500 cm2/g. The density of the optimal composition (hereinafter referred to as the
proposed composition) 15/75/10 is 0.591131. Thus, the reduction in the packing density of
the proposed composition from the maximum packing density, which corresponds to the
composition 60/20/20, is only 5%.
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Table 8. Spatial packing modeling results.

№ F 1, % F 2, % F 3, % Packing Density

1 0 0 100 0.568976
2 0 20 80 0.589987
3 0 40 60 0.581839
4 0 60 40 0.572967
5 0 80 20 0.570107
6 0 100 0 0.565223
7 20 0 80 0.587216
8 20 20 60 0.596141
9 20 40 40 0.599112
10 20 60 20 0.599704
11 20 80 0 0.576993
12 40 0 60 0.590324
13 40 20 40 0.611577
14 40 40 20 0.611634
15 40 60 0 0.595637
16 60 0 40 0.617781
17 60 20 20 0.620393
18 60 40 0 0.596144
19 80 0 20 0.615436
20 80 20 0 0.599853
21 100 0 0 0.555398
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3.1.2. Determination of Compressive Strength

Based on the above, a selection of compositions with the best packing indices at a
low content of fractions F3 < 15% was made, for which compressive strength studies were
conducted: 15/80/5, 15/75/10, and 15/70/15. Additionally, to assess the effect of changes
in the polyfractional composition of the cement on the strength of the SCC, the boundary
compositions were selected: 100/0/0, 0/100/0, and 0/0/100. Furthermore, for comparison
and to understand the dynamics of strength changes, two-component compositions with
variable contents of F1 and F2 or F2 and F3 were selected. The results of the strength
measurements are presented in Table 9.

Table 9. Preliminary assessment of sample strength.

№
Composition (Components Content), % Compression Strength, MPa

F1 F2 F3 7 Days 28 Days

1 Reference sample 29.78 41.18
2 100 0 0 20.17 29.81
3 0 100 0 30.58 42.02
4 0 0 100 39.14 51.00
5 20 80 0 30.03 41.97
6 25 75 0 28.73 40.75
7 30 70 0 27.31 38.78
8 0 80 20 36.06 48.16
9 0 75 25 37.41 50.03
10 0 70 30 38.09 51.60
11 15 80 5 38.32 51.94
12 15 75 10 39.14 52.61
13 15 70 15 39.90 53.26

According to the results, the best compressive strength indicators were found in
samples with a three-component composition and variable content of F1, F2, and F3, where
the strength increases by 25–29% relative to the reference sample. In two-component
composition samples with variable contents of F1 and F2, the strengths ranged from 17% to
25%, compared to the reference sample. It should also be noted that the rate of strength gain
increases with the content of fine fraction particles. Strength gains at 7 days of age, relative
to 28 days, range from 67% for the 100/0/0 composition to 77% for the 0/0/100 composition.
For the reference sample, this figure is 72%, and for fractions with a 15% content of F3,
it varies from 74% to 75%. Based on the dynamics of strength change, one can observe
the influence of particle packing on strength, as the strength of the 0/0/100 composition
(51.0 MPa), which should demonstrate the best cement activity due to the larger surface
area of the particles, is less than the strength of the 15/70/15 composition (53.3 MPa).
For further studies on the effect of polyfractional cement on the physical and mechanical
characteristics of concrete, boundary samples (No. 2–4) were excluded, along with samples
of two-component composition that had a negative or minimal effect on strength (No. 5–7).

Thus, the sample compositions presented in Table 10 were selected for the main
research.

Samples of type 2–4 are made based on a two-component binder (hereinafter referred
to as a two-component composition), and samples of type 5–7 are made based on a three-
component binder (hereinafter referred to as a three-component composition).
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Table 10. Compositions for the main research.

Types
Composition (Component Content), %

F1 F2 F3

Type 1 Reference sample
Type 2 80 20 0
Type 3 75 25 0
Type 4 70 30 0
Type 5 15 80 5
Type 6 15 75 10
Type 7 15 70 15

3.2. Main Research
3.2.1. X-Ray Phase Analysis

The X-ray phase analysis (XPA) method was used to study the phase composition of
the polyfractional binder and to determine the degree of its hydration. Figure 3 presents the
X-ray phase analysis of hydrated samples of cement stone and polydisperse binder after
28 days of normal hardening. Figure 3a–g display the results of the X-ray phase analysis of
samples from types 1–7, while Figure 3h illustrates the diagram notation.

Table 11 shows the phase composition of the investigated cement stone and poly-
disperse binder samples at the age of 28 days of normal curing, calculated based on the
obtained data.

The results of X-ray phase analysis showed that in the compositions of samples of
type 5, 6, and 7 of polydisperse binder, the degree of hydration decreased from 71 to 61%,
respectively. The decrease in the degree of hydration is explained by the presence of large
binder grains that are not fully hydrated (fraction 1500 cm2/g), which form a reserve of
clinker stock. The significant amount of unreacted alite and belite minerals (i.e., the clinker
stock) is explained by the low reactivity of large (up to 100 µm) cement particles, which
are covered with a shell of new formations that slow down further hydration. The clinker
stock in a polydisperse binder (the stock of coarsely dispersed particles is a fraction of
1500 cm2/g) should theoretically increase the durability of concrete made on its basis in the
future [27].

In the absence of a large fraction of 1500 cm2/g in the polydisperse binder (composi-
tions of samples of types 2, 3 and 4), a decrease in the amount of clinker mineral C2S to
20% and an increase of up to 10% in the degree of hydration were observed in comparison
with the reference sample. This effect is explained by the absence of a large fraction of
1500 cm2/g and the higher reactivity of the fine fraction of 4500 cm2/g, which accelerates
the hydration of the binder; this leads to a higher degree of hydration in the early stages
and, consequently, higher compressive strength [27]. The latter was confirmed by the
results of the preliminary stage of the strength study (Table 9). This is due to the formation
of a denser phase C–S–H, containing a smaller amount of water, and as a consequence,
a decrease in the amount of portlandite Ca(OH)2, as well as the formation of a smaller
amount of ettringite. In the composition of the polydisperse binder, an increase in the
content of the amorphous phase is recorded compared to the control sample of hydrated
cement. This effect causes the presence in the composition of the polydisperse binder of an
increased amount of non-crystallized new formations, represented by ortho- and diortho-
hydrosilicates. These compounds, in turn, at later stages of hydration are transformed
into crystalline hydrosilicates of the tobermorite series, such as (tobermorite, xonotlite,
foshagite, etc.). The data obtained are consistent with reference data and the results of
previous scientific works [27,28].
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Figure 3. The results of the X-ray phase analysis: (a) Sample 1; (b) Sample 2; (c) Sample 3; (d) Sample 4;
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Table 11. Phase composition at the age of 28 days of normal hardening.

Types
Phase Composition, %

C3S C2S Ettringite Portlandite Ca(OH)2 Hydration Degree

Type 1: Reference sample 25.0 19.0 2.5 20.7 71.0
Type 2: 0/80/20 26.0 17.5 2.0 19.8 73.0
Type 3: 0/75/25 26.0 17.0 2.0 19.7 76.0
Type 4: 0/70/30 27.0 16.0 up to 2.0 19.6 79.0
Type 5: 15/80/5 26.0 21.0 1.0 19.1 61.0

Type 6: 15/75/10 25.0 20.0 1.0 18.8 64.0
Type 7: 15/70/15 26.0 20.0 1.0 18.9 62.0

3.2.2. Compressive and Bending Strength Tests

Unlike the preliminary study, which conducted strength tests on three specimens, the
main study performed tests on eight specimens to achieve a statistical indicator. Figure 4a
presents the results of the compressive strength tests, while Figure 4b displays the results
of the bending strength tests. Figure 4c illustrates the percentage increase in strength
of samples with polyfractional cements compared to the reference sample. Figure 4d
presents the coefficients of variation in the data points, characterizing the reliability of the
results obtained.

According to the test results, an increase in compressive and bending strength is
observed in all SCC compositions (Types 2–7) using a polydisperse binder. Depending
on the composition, the compressive strength varies from 49.31 to 53.92 MPa, while the
strength of the reference sample is 42.76 MPa. In percentage terms, the strength increases
by 15.3 to 21.7%. The bending strength varies from 5.41 to 5.74 MPa, and the strength
of the reference sample is 5.16 MPa. In percentage terms, the increase ranges from 4.8
to 11.2%. The increase in strength characteristics can be explained primarily by a rise in
the packing density of binder particles from 0.564399 (type 1) to 0.593257 (Type 7) and a
decrease in the content of ettringite Ca3Al2O6·3CaSO4·31H2O and portlandite Ca(OH)2 in
the composition of the polydisperse binder, which is consistent with the results of [27]. The
use of a polydisperse binder promotes more intensive hydrolysis and hydration processes
of cement particles in additionally formed crystallization zones. This fact is confirmed by
data obtained during a study using the X-ray phase analysis method of cement stone [29].

When using three-component compositions (Types 5–7), a slight increase in compres-
sive strength by 5–6% and in bending by 3–4% is observed in relation to two-component
compositions (Types 2–4), which, apparently, is in direct dependence on the packing density
of the polydisperse binder and, accordingly, a decrease in the micropores of the cement
stone. The results obtained are also consistent with the results of [30].

If we consider the dynamics of the change in the strength of samples with three levels
of dispersion (Types 5–7), we can observe a decrease in the intensity of the increase in
strength from an increase in the content of particles of the smallest fraction F3. If the strength
of Type 6 samples in relation to Type 5 samples increase by 3.48% (under compression)
and by 2.35% (under bending), then the strength of Type 7 samples in relation to Type 6
samples increase by 0.26% (under compression) and by 1.41% (under bending).

The coefficients of variation in the datapoints in compression tests vary from 3.03 to
5.45%, and in bending from 5.23 to 7.32%. In both cases, the maximum scatter of datapoints
is observed in the reference sample tests. The latter is understandable, since samples of
types 2–7 have a more ordered structure of fractions, in contrast to samples of type 1, in
which sintering of particles or statistical error in the size of fractions in a batch may occur.
In any case, the obtained variation coefficients are within the acceptable value sand do
not exceed 13.5% [31], which indicates a high degree of reliability of the obtained strength
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results suitable for analysis. Returning to the comparison of the dynamics of changes in the
strength of samples with three levels of dispersion (Types 5–7), it can be noted that changes
in the compressive strength of type 6 samples in relation to type 5 can be attributed to the
influence of the composition, and changes in the strength of type 7 samples to type 6 to
statistical error, since the coefficient of variation in the type 7 samples exceeds this increase
3.47 > 0.28% (in compression) and 5.28 > 1.41% (in bending). The latter may indicate the
optimal efficiency of the composition of Type 6, the density of which is close to the density
of the sample of Type 7, which corresponds to the maximum packing density.
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Figure 4. Strength test results: (a) Compressive strength of modified and reference samples; (b) Bend-
ing strength of modified and reference samples; (c) Relative strength increase (%) in compression
and bending compared to the reference sample; (d) Coefficient of variation (%) for compressive and
bending strength. Note: values are presented as mean ± standard deviation based on 8 samples.

3.2.3. Freeze–Thaw Resistance Tests

The test results are summarized in Table 12, which shows the weight and strength
losses of the specimens depending on the number of freezing and thawing cycles. In
Figure 5, the ordinate scale displays the freeze–thaw-resistance levels (according to the
classification [22]) corresponding to each type of specimen on the abscissa scale. The
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auxiliary ordinate scale presents the coefficients of variation in the datapoints relating to
the freeze–thaw resistance levels. Figure 5a illustrates the freeze–thaw resistance levels for
weight loss, while Figure 5b presents those for strength loss.

Table 12. Freeze–thaw resistance: weight and strength loss over cycles.

Types
Weight Loss, % Strength Loss *, %

200 300 350 400 500 600 200 300 350 400 500 600

Type 1: Reference sample 1.27 2.12 3.08 4.07 - - 0.97 0.90 0.82 0.71 - -
Type 2: 0/80/20 0.66 1.42 1.69 2.02 3.42 5.03 0.99 0.97 0.96 0.94 0.87 0.84
Type 3: 0/75/25 0.62 1.41 1.67 2.01 3.11 4.79 0.99 0.98 0.97 0.95 0.87 0.85
Type 4: 0/70/30 0.63 1.40 1.68 2.00 3.07 4.89 1.00 1.00 0.98 0.96 0.93 0.87
Type 5: 15/80/5 0.41 0.96 1.32 1.86 2.63 3.17 1.00 1.00 1.00 0.95 0.93 0.90

Type 6: 15/75/10 0.42 0.97 1.34 1.89 2.66 3.22 1.00 1.00 1.00 0.97 0.95 0.91
Type 7: 15/70/15 0.42 0.98 1.35 1.91 2.67 3.25 1.00 1.00 1.00 0.98 0.96 0.91

* The ratio of the strength of a sample after testing to its strength before testing.
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Figure 5. Freeze–thaw resistance levels of concrete series: (a) Based on weight loss; (b) Based on
strength loss.

According to the results of the tests, the data on the serviceability of SCC under condi-
tions of cyclic freezing and thawing were obtained. According to the requirements [22], the
maximum permissible weight loss is not more than 2%, and the strength loss is not more
than 15%. The reference samples were the most susceptible to frost damage; the maximum
life cycle, with respect to weight loss, did not exceed 300 cycles; when the weight loss was
2.12%. The life cycle with respect to strength loss did not exceed 350 cycles, at which point,
the strength reduction was 18%. The maximum values of weight loss of those samples of
two-component composition (Type 2–4) were achieved at 400 cycles, and were from 2.0
to 2.02%, and the maximum values of strength loss at 600 cycles reached a critical value
of 15%. The best results were shown by samples with a three-component composition
(Type 5–7), where the maximum weight loss observed at 500 cycles ranged from 2.63 to
2.66%. The loss of strength of samples of Type 5–7 did not reach the limit value even after
600 cycles of freezing and thawing (only 9–10%), which confirms the sufficient reserve of
strength and freeze–thaw resistance of the SCC compositions with three-fraction binder,
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and also shows the positive role of additional clinker stock in cement stone (stock of coarse
particles—fraction 1500 cm2/g) contributing to the durability of concrete, by self-healing
the defects in the structure [32].

According to the diagram in Figure 5a, the freeze–thaw resistance levels by weight
loss are shown for the reference sample F200, for two-component compositions F350, for
three-component F400. Freeze–thaw resistance levels by strength loss (Figure 5b) are for the
reference sample F350, for two-component compositions F500, for three-component F600.
Thus, a two-fold superiority of the three-component composition over the reference sample
is observed. According to the statistical evaluation of the datapoints, it can be concluded
that the obtained results have a high degree of reliability, the coefficients of variation do
not exceed 7.12% for weight loss and 8.16% for strength loss. As in the case of strength
evaluation, the maximum variation in datapoints is observed for the reference sample,
which once again confirms the better structuring of polyfractional compositions.

3.2.4. Water Absorption Tests

The test results are presented in Figure 6. Figure 6a shows the average water absorption
values of the compared sample types and their corresponding coefficients of variation.
Figure 6b shows the decreases in water absorption values relative to the reference sample,
as well as percentage deviations.

Appl. Sci. 2025, 15, x FOR PEER REVIEW 17 of 26 
 

3.2.4. Water Absorption Tests 

The test results are presented in Figure 6. Figure 6a shows the average water absorp-
tion values of the compared sample types and their corresponding coefficients of varia-
tion. Figure 6b shows the decreases in water absorption values relative to the reference 
sample, as well as percentage deviations. 

  
(a) (b) 

Figure 6. Water absorption results: (a) Water pressure resistance and variation (%) for different 
sample types; (b) Water permeability level (WPL) and deviation (%) compared to the reference 
sample. 

According to the test results, the highest water absorption value was found in the 
reference samples, averaging 5.72%. Further, as the packing density increases, there is a 
decrease in the water absorption index. The decrease in water absorption, depending on 
the type of polyfractional binder, varies from 2.97 to 9.62%. In reference samples, the co-
efficient of variation (4.26%) covers the range of obtained average values of Type 2 and 3 
samples. Therefore, the appreciable effect of the polyfractional binder regarding statistical 
error is observed in sample Types 4–7, whose values of average water absorption reduc-
tions exceed the probable statistical error datapoints of reference samples. However, it 
should be noted that the decrease is partly sensitive to the mean statistical error, since the 
coefficient of variation in the spread of the mean values of all sample types is 3.80%, which 
correlates well with the coefficients of variation in the context of each specific sample type 
(Figure 7a, auxiliary ordinate axis). In any case, there is a tendency for water absorption 
capacity to decrease with packing density, although it is not significant. We would also 
like to note the decrease in the coefficients of variation in Type 2–7 samples, which once 
again confirms the stability of the structure of SCC on fractional binder in relation to ref-
erence samples. 

0.66

0.89
0.91

0.94

1.09

1.11

1.14

14.9

12.1

11.7
10.4 9.8 9.6

8.5

8.0

10.0

12.0

14.0

16.0

18.0

20.0

22.0

24.0

26.0

28.0

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1 2 3 4 5 6 7
Type of samples

Va
ria

tio
n,

 %

Pr
es

su
re

, M
Pa

Pressure Variation

W6

W8 W8 W8

W10

W10

W10

34.78

39.13

43.48
65.22

69.57

73.91

30

50

70

90

110

130

150

0

2

4

6

8

10

12

1 2 3 4 5 6 7
Type of samples

De
vi

at
io

n,
 %

W
at

er
 p

er
m

ea
bi

lit
y l

ev
el

 (W
PL

)

WPL Deviation

Figure 6. Water absorption results: (a) Water pressure resistance and variation (%) for different sample
types; (b) Water permeability level (WPL) and deviation (%) compared to the reference sample.

According to the test results, the highest water absorption value was found in the
reference samples, averaging 5.72%. Further, as the packing density increases, there is a
decrease in the water absorption index. The decrease in water absorption, depending on the
type of polyfractional binder, varies from 2.97 to 9.62%. In reference samples, the coefficient
of variation (4.26%) covers the range of obtained average values of Type 2 and 3 samples.
Therefore, the appreciable effect of the polyfractional binder regarding statistical error is
observed in sample Types 4–7, whose values of average water absorption reductions exceed
the probable statistical error datapoints of reference samples. However, it should be noted
that the decrease is partly sensitive to the mean statistical error, since the coefficient of
variation in the spread of the mean values of all sample types is 3.80%, which correlates
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well with the coefficients of variation in the context of each specific sample type (Figure 7a,
auxiliary ordinate axis). In any case, there is a tendency for water absorption capacity to
decrease with packing density, although it is not significant. We would also like to note the
decrease in the coefficients of variation in Type 2–7 samples, which once again confirms the
stability of the structure of SCC on fractional binder in relation to reference samples.
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Figure 7. Freeze–thaw resistance levels of concrete series: (a) Average water absorption values of the
compared sample types and their coefficients of variation; (b) Reduction in water absorption values
relative to the reference sample and the corresponding percentage deviations.

3.2.5. Water Permeability Tests

The results of the tests are presented in Figure 8. Figure 8a shows the results of the
water pressures at which the signs of wet spotting on the opposite side of the test samples
were detected, as well as the coefficients of variation corresponding to each sample type.
Figure 8b shows the normalized water permeability levels corresponding to the maximum
pressure at which complete water penetration occurred, as well as the deviations in the
pressure values from the reference sample [23].

According to the test results, the average maximum water pressure for the reference
sample varied from 0.6 to 0.8 MPa, for which the variation coefficient was 14.9%. When
including the two-component binder, Types 2–4), the pressure increased from 35 to 44% of
the reference sample. The average values of the maximum pressure were 0.89, 0.91 and
0.94 MPa, and the corresponding variation coefficients were 12.1, 11.7 and 10.4%. A signifi-
cant increase in pressures, compared to the reference sample, was observed in samples with
a three-component binder (Types 5–7), amounting to 65 to 74%. The values of the average
maximum pressures were 1.09, 1.11 and 1.14, and the corresponding variation coefficients
were 9.8, 9.6 and 8.5%. Unlike water absorption, packing density plays a significant role in
improving water permeability: if, for the reference sample water permeability level was
W6, then for samples with a two-component binder it was W8, which corresponds to a
filtration coefficient in the range from 6 × 10−10 to 1 × 10−10 cm/s; for samples with a
three-component binder, the water permeability level reached W10, which corresponds
to a filtration coefficient in the range from 1 ×10−10 to 5 × 10−11 cm/s. The variation
coefficients also showed a tendency to reduce the statistical deviations of more stable
polyfractional compositions.
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Figure 8. Residual weight and strength values after durability tests: (a) Residual weight, compressive
strength, and bending strength after freeze–thaw cycling in NaCl solution; (b) Residual values after
freeze–thaw cycling in HCl solution; (c) Residual values after freeze–thaw cycling in Na2SO4 solution.

3.2.6. Chemical Resistance Tests

The test results are presented in Table 13. The table shows the values of average
maximum weight loss, the loss of compressive and bending strength, after maintaining
the samples in aggressive environments (NaCl, HCl, and Na2SO4) for 180 days, along with
their corresponding coefficients of variation.

The basic evaluation criterion, from the point of view of designing building structures,
is strength. To visualize the effect of a polyfractional binder on the strength of concrete,
Figure 6 shows the percentage ratio of the residual strengths of each type of sample
(Types 2–7) in relation to the reference sample. Figure 9a shows the results when holding
samples in a NaCl environment, Figure 9b in an HCl environment, and Figure 9c in Na2SO4.

Table 13. Results of chemical resistance tests.

Parameter Types
Values Variation Coefficients

NaCl HCl Na2SO4 NaCl HCl Na2SO4

Loss of
weight, %

1 21.0 14.0 11.3 7.89 6.11 5.37
2 17.9 12.8 10.6 5.12 4.77 3.21
3 17.9 12.2 10.3 5.63 4.88 3.55
4 17.2 12.1 10.2 5.22 4.48 3.27
5 14.8 11.6 9.3 5.29 4.54 3.76
6 13.3 10.1 8.7 5.08 4.12 3.52
7 13.1 9.9 8.4 5.19 4.28 3.21

Loss of com-
pressive

strength, %

1 45.8 17.3 12.5 12.56 8.78 9.21
2 37.8 15.2 11.1 10.98 6.09 7.54
3 37.3 15.1 10.9 11.34 6.12 6.31
4 37.1 14.0 10.7 10.29 5.67 7.02
5 36.1 13.9 7.2 10.07 5.93 6.32
6 33.2 13.1 6.4 9.32 5.52 5.78
7 33.0 12.2 6.2 9.34 5.18 5.83
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Table 13. Cont.

Parameter Types
Values Variation Coefficients

NaCl HCl Na2SO4 NaCl HCl Na2SO4

Loss of
banding

strength, %

1 52.0 17.8 13.3 18.93 10.14 9.23
2 43.8 15.1 12.0 16.32 8.76 8.02
3 43.8 14.9 11.8 17.89 8.32 7.31
4 43.5 14.6 11.6 16.23 8.48 7.29
5 38.0 13.5 8.2 13.27 8.24 6.85
6 35.2 13.4 7.2 14.87 8.31 7.02
7 34.3 13.2 6.7 13.04 8.18 6.47
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Figure 9. Results of predicting the change in strength over time in different chemical environments:
(a) Strength loss prediction curves for samples exposed to NaCl environment; (b) Strength loss
prediction curves for samples exposed to HCl environment; (c) Strength loss prediction curves for
samples exposed to Na2SO4 environment.

The results of the study on the resistance of concrete samples to aggressive environ-
ments, in terms of changes in average weight, bending strength, and compressive strength,
indicate that Type 2–4 samples, based on a two-component binder, demonstrated higher
chemical resistance compared to the reference samples. When maintained in a 3% NaCl
solution, the residual weight and strength of these samples were significantly higher than
those of the reference samples: the weight varied from 14.7 to 18.3%; compressive strength
ranged from 17.6 to 19.1%; and bending strength fluctuated from 15.7 to 16.3%. However,
these parameters are worse (i.e., higher) than those of the three-component compositions of
Types 5–7, relative to the reference samples: the mass varied from 29.8 to 37.7%; compres-
sive strength ranged from 21.3 to 28.0%; and flexural strength varied from 26.9 to 34.0%.
The lower values of chemical resistance observed in Type 2–7 compositions can likely be
explained by the fact that the finely dispersed fraction of 4500 cm2/g, while promoting
the hydration of the binder and leading to higher compressive strength at early stages of
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hardening, does not reduce the amount of free portlandite Ca(OH)2—a mineral in cement
stone that facilitates corrosion processes.

When the samples were maintained in a solution of hydrochloric acid (HCl), the
following changes in weight and strength parameters were observed in the two-component
composition samples relative to the reference sample: the weight varied from 8.6 to 13.6%;
compressive strength ranged from 12.1 to 19.1%; bending strength fluctuated from 15.2 to
18.0%. For the three-component samples, these same parameters comprised a weight range
from 17.1 to 29.3%; compressive strength from 19.7 to 29.5%; flexural strength from 24.2
to 25.8%.

When the samples were maintained in Na2SO4 a sodium sulfate environment, the
following changes in weight and strength parameters were observed for the samples of
two-component composition relative to the reference samples: mass varied from 6.2 to
9.7%; compressive strength varied from 11.2 to 14.4%; flexural strength varied from 9.8 to
12.8%. For the three-component samples, the same parameters showed a variance in mass
from 17.7 to 25.7%; compressive strength from 42.4 to 50.4%; flexural strength from 38.7
to 49.6%.

Figure 8 shows the results of strength loss prediction during long-term exploitation of
concrete structures in aggressive environments. Prediction calculations were performed
according to GOST 58896, based on potentiation of chemical resistance coefficients changing
as the samples are maintained in aggressive environments [24]. Figure 9a shows the results
when the samples are maintained in NaCl, Figure 9b in HCl, and Figure 9c in Na2SO4.

Example of calculating loss of strength on Type 1 specimens: ∑ lgτi = 11.72,
∑ lgkGRi = −0.244; ∑ lgτi = 1.95; ∑ lgkGRi = −0.041; ∑

(
lgkGRi − lgkGRi

)
×

(lgτi − lgτi) = −0.025; ∑(lgτi − lgτi)
2 = 0.41; ∑

(
lgkGRi − lgkGRi

)
× (lgτi − lgτi) =

−0.025; ∑(lgτi − lgτi)
2 = 0.41; b =

∑(lgkGRi −lgkGRi)×(lgτi−lgτi)

∑(lgτi−lgτi)
2 = −0.060; a =

lgkGRi − b·lgτi = 0.078; Then the equation has the form lgkCR = 0.0775 − 0.06lgτ;
For a duration of 100 years τi = 36000days: lgkCR = 0.0775 − 0.06lg3600 =

0.0775 − 0.06 × 4.56 = −0.198; Then kCR = 0.63 (Loss of strength = 63%), See data-
point on Figure 8c.

According to the prediction results, during a 100-year period of concrete exploitation,
the strength of concrete based on general construction concrete cement (reference sample)
decreases depending on the type of aggressive environment: by 91% in a NaCl environment,
by 45% in an HCl environment, and by 37% in a Na2SO4 environment. For two-component
compositions, the residual strength at the end of 100 years, as a percentage of the reference
sample, averages 69% in a NaCl environment, 12% in an HCl environment, and 6% in a
Na2SO4 environment. For three-component compositions, the same values average 161%
in NaCl environment conditions, 18% in HCl environment conditions, and 24% in Na2SO4

environment conditions.
According to the results of tests, it is evident that the compositions of SCC based on

polydisperse binder have increased chemical resistance compared to reference samples. At
the same time, three-component compositions have superiority in chemical resistance over
two-component compositions. The obtained test results confirm the fact of increasing poz-
zolanic activity of three-component compositions on polydisperse binder to free Ca(OH)2

is due to the presence of non-hydrated clinker stock grains of a large fraction (1500 cm2/g)
and a reduced content of portlandite, which aligns with the results of [33,34].

3.2.7. Summary of Research Data

Table 14 presents the summary results of the studies, on the basis of which it is
possible to compare and determine the optimal technological solution for the polyfractional
composition of the binder in the SCC.
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Table 14. Freeze–thaw resistance: physical characteristics and durability indicators.

Type Mixture dp d σc σb FRL Sw WPL kcr
(NaCl/HCl/Na2SO4)

Type 1:
Reference sample RS 0.564 2.380 42.8 5.16 200–350 5.72 W6 0.511/0.825/0.871

Type 2: 0/80/20 0/80/20 0.570 2.398 49.3 5.41 350–500 5.55 W8 0.592/0.849/0.885
Type 3: 0/75/25 0/75/25 0.571 2.403 50.2 5.47 350–500 5.57 W8 0.595/0.850/0.887
Type 4: 0/70/30 0/70/30 0.573 2.408 51.3 5.52 350–500 5.49 W8 0.597/0.857/0.889
Type 5: 15/80/5 15/80/5 0.584 2.411 52.0 5.53 400–600 5.28 W10 0.630/0.863/0.923

Type 6: 15/75/10 15/75/10 0.591 2.414 53.8 5.66 400–600 5.22 W10 0.658/0.868/0.932
Type 7: 15/70/15 15/70/15 0.593 2.419 53.9 5.74 400–600 5.17 W10 0.663/0.873/0.936

dp—packaging density, %; d—density, g/cm3; σc¯compression strength, MPa; σb¯bending strength, MPa;
FRL¯freeze–thaw resistance level; Sw¯water saturation (absorption), %; WPL¯water permeability level;
kcr¯coefficient of chemical resistance by strength.

According to the summary table, all evaluation criteria demonstrate a similar tendency
to improve evaluation parameters, depending on the packing density of the polyfractional
binder. Meanwhile, samples using a three-component binder composition exhibited more
effective transformation processes of the physical and mechanical characteristics of con-
crete, achieving more stable results (according to the assessment of variation coefficients)
compared to samples using a two-component composition.

Effects of two-component compositions relative to the reference sample are as follows:

• An increase in compressive strength of 15–20%;
• An increase in bending strength of 5–7%;
• An increase in freeze–thaw resistance of 43–75%;
• A decrease in water absorption of 3–4%;
• An increase in water permeability of 33%;
• An increase in chemical resistance of 1.6–16.8% (depending on the environment).

Effects of three-component compositions relative to the reference sample are as follows:

• An increase in compressive strength of 22–26%;
• An increase in bending strength of 7–11%;
• An increase in freeze–thaw resistance of 71–100%;
• A decrease in water absorption of 8–10%;
• An increase in water permeability of 67%;
• An increase in chemical resistance of 5–30% (depending on the environment).

Regarding the optimal solution for polyfractional composition, the choice leans to-
wards Type 6, with a fraction ratio of 15% of 1500 cm2/g, 75% of 3000 cm2/g, and 10% of
4500 cm2/g. This decision is justified by the fact that changes in the physical and mechani-
cal parameters of Type 6 samples compared to Type 7 samples are insignificant, while the
production cost of Type 7 composition relative to Type 6 is considerable. The changes in the
physical and mechanical characteristics of Type 7 concrete compositions in comparison to
Type 6 are as follows: an increase in compressive strength by 1.8%; an increase in bending
strength by 1.4%; unchanged freeze–thaw resistance; a decrease in water absorption of less
than 1%; unchanged water permeability; and an increase in chemical resistance of less than
1%. The validity of the influence of the Type 6 composition is confirmed by significant
transformations in the physical and mechanical characteristics of the concrete compared
to the reference sample, which are a 26% increase in compressive strength; a 10% increase
in bending strength; a 100% increase in freeze–thaw resistance; a 100% decrease in water
absorption; a 67% increase in water permeability; and a 29% increase in chemical resistance
(NaCl), 5% (HCl), and 7% (Na2SO4).
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4. Conclusions
Based on the modeling, experimental tests, and microstructural analysis, the following

conclusions were drawn regarding the influence of the polyfractional binder composition
on SCC properties:

1. The optimized three-component binder composition (15% F1, 75% F2, 10% F3)
achieved the highest particle packing density (0.593) and improved compressive
strength by up to 26% and bending strength by 10% when compared to the refer-
ence mix.

2. X-ray diffraction revealed that the presence of coarser particles (1500 cm2/g) slows
hydration due to encapsulation, forming a clinker stock. This unhydrated reserve,
combined with fine reactive fractions, reduces portlandite content by 18.8% and
promotes long-term strength through continuous pozzolanic activity and denser
C–S–H formation.

3. Three-component compositions showed superior chemical resistance in environments
containing NaCl, HCl, and Na2SO4, achieving resistance levels that were 25–38%
higher than the reference mix. This improvement was due to a denser matrix and
reduced free Ca(OH)2, which helps limit ion ingress and leaching.

4. Resistance to cyclic freezing improved from F200 (reference) to F600 (Type 6). The
clinker reserve contributed to microstructure recovery during freeze–thaw cycles.
The improved freeze–thaw performance demonstrates the material’s suitability for
infrastructure exposed to severe climatic conditions.

5. Water absorption decreased by 8.7% and permeability fell by as much as 94% com-
pared to the reference, indicating significantly lower porosity and capillary continuity.
This reduction in water transport properties directly contributes to enhanced resis-
tance against chemical attack and long-term durability.

6. The Type 6 composition provides a well-rounded enhancement in mechanical perfor-
mance, durability, and production feasibility. Its application is particularly promising
for precast elements and monolithic structures in chemically aggressive or variable
environments.

These findings highlight the potential of polyfractional binder optimization as a
practical and effective strategy for enhancing the performance and durability of SCC. The
proposed approach can be implemented in the development of high-performance concretes
for aggressive environmental conditions, ensuring long-term structural reliability.
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