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Abstract. The article presents the results of the development and research of self-compacting fine-
grained concrete mixes for energy-efficient vibration-free construction technologies. The main
focus is on selecting optimal compositions that ensure the required level of mobility and self-
compaction through a rational ratio of components and the use of complex modifying additives.
The results of research into the rheological characteristics of concrete mixtures, as well as the
physical and mechanical parameters of the materials obtained, are presented. The patterns of the
influence of the composition and structure of concrete on its density, strength, water absorption
and deformability have been established. The results obtained confirm the possibility of creating
effective self-compacting fine-grained concretes with high structural homogeneity and reduced
energy consumption during production and laying.

Keywords: self-compacting concrete, fine-grained concrete, energy-efficient construction,
vibration-free technologies, rheological properties, physical and mechanical properties, porosity,
complex modifiers.

1. Introduction

Modern developments in construction technology are aimed at ensuring high efficiency of
production processes, reducing energy consumption and increasing the durability of structures. In
this regard, particular attention is paid to improving the properties of cement composites, which
remain the main construction material due to their versatility, availability and. Traditional methods
of compacting concrete mixtures using vibration are associated with increased energy
consumption, labour intensity, and the risk of disrupting the homogeneity of the material structure
[1].

One of the most promising areas of development in concrete technology is the creation of
self-compacting fine-grained concretes (SCFC), which provide the necessary degree of
compaction under their own weight, without the use of external vibration. The effectiveness of
this class of concrete is determined primarily by its rheological properties, which determine the
mixture's ability to spread, self-compact and maintain structural stability. Optimisation of
rheological characteristics allows for simultaneous improvement of the concrete mixture’s
workability, improvement of the cement stone structure and, as a result, improvement of the
operational characteristics of the finished material — strength, density, frost resistance and water
resistance [2].
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The rheological properties of self-compacting fine-grained mixtures are improved by
comprehensively modifying their composition. The combined use of highly effective plasticising
additives and mineral microfillers allows the water-cement ratio to be adjusted, hydration
processes to be activated, and a denser, fine-pored cement stone structure to be formed. This
significantly improves not only the workability of the mixtures, but also their structural
homogeneity, which ensures stable concrete quality with minimal energy consumption and the
elimination of vibration equipment.

A number of studies confirm that the use of complex modifying systems contributes to the
intensification of physicochemical processes in the cement matrix, improves particle dispersion,
reduces internal friction in the system and forms a more stable structure. This not only improves
the technological properties of concrete mixtures, but also increases the strength and performance
characteristics of hardened concrete, including frost resistance, water resistance and durability
[3-5].

The development of vibration-free and low-vibration technologies is particularly relevant for
modern construction, where energy efficiency, environmental friendliness and technological
efficiency of production processes must be combined. In the context of the priority areas of
development of the construction industry in the Republic of Uzbekistan and the implementation
of strategic programmes to improve the quality and seismic resistance of capital construction
projects, the creation of self-compacting fine-grained concretes based on local mineral resources
is of particular importance [6-10].

The aim of this study is to develop compositions and investigate the properties of
self-compacting fine-grained concrete mixtures using complex modifying additives that provide
improved rheological and operational properties of materials for energy-efficient vibration-free
construction technologies.

The scientific novelty of the work lies in establishing the patterns of influence of chemical and
mineral additives of various nature on the rheological behaviour of mixtures, structure and
physical and mechanical characteristics of self-compacting fine-grained concretes, as well as in
optimising the composition parameters that ensure a combination of high mobility and strength
with reduced energy consumption in the production cycle.

2. Research methods and materials used

Materials widely available in the Republic of Uzbekistan were used to conduct experimental
research on the development of self-compacting fine-grained concrete. The main binder was
Portland cement grade CEMI 32.5N, produced by “Kizilkumcement” LLC.

The mineral filler used was a metallurgical waste product from “Uzbekistan Temir Yollari”
JSC, which is a finely dispersed grey-brown material with a high specific surface area and the
presence of amorphous phases. Before use, the filler was dried at a temperature of (105+5) °C to
a constant mass and then ground in a ShLM-100 laboratory ball mill. The grinding time and load
were determined experimentally in order to achieve optimal dispersion.

The dispersion of the mineral filler was controlled by the specific surface area using the
Kozeni-Karmann air permeability method with the PSKh-11A device, which allowed quantitative
assessment of the degree of fineness of grinding. In addition, the morphology of the particles and
the degree of aggregation were assessed using a sieve No. 008.

The chemical additive used was PRO500 superplasticiser based on polycarboxylate esters,
which has a high water-reducing capacity (up to 25-30 %) and provides the required mobility of
cement systems with minimum water consumption.

Experimental studies were conducted to determine the effect of the composition and complex
of modifying additives on the rheological, physical-mechanical and operational characteristics of
self-compacting fine-grained concretes. All tests were performed in accordance with applicable
regulatory documents and standards.

The rheological properties of concrete mixtures were evaluated in accordance with the
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requirements of GOST 10181-2021 ‘Concrete mixtures. Test methods’. The mobility of the
mixture was determined by the flow of the Abrams cone, which made it possible to evaluate the
degree of spreadability, viscosity and workability of the composition. In addition, fluidity and the
ability to pass through obstacles were investigated using a V-shaped cone and an L-shaped box
(V-funnel and L-box) in accordance with the recommendations of EFNARC (European
Guidelines for Self-Compacting Concrete, 2005), adapted to the requirements of
GOST 10181-2021. These tests provided a comprehensive assessment of the concrete mix's ability
to self-compact under its own weight without delamination or loss of homogeneity.

The physical and mechanical characteristics were studied on control samples manufactured in
accordance with GOST 10180-2012 “Concrete. Methods for determining strength using control
samples”. Compressive strength was determined on cubic samples measuring 100x100x100 mm
after 3, 7 and 28 days of hardening. Prismatic strength was determined on 100x100%400 mm
samples in accordance with GOST 24452-2021 “Concrete. Methods for testing bending and
tensile strength in bending”, which made it possible to evaluate the crack resistance and
deformability of the material.

The operational properties of concrete were determined using standard methods. Water
impermeability was assessed in accordance with GOST 12730.5-2021 “Concrete. Methods for
determining water impermeability” with a gradual increase in water pressure until the first signs
of filtration appeared. Frost resistance was determined in accordance with GOST 10060.0-2012
“Concrete. Methods for determining frost resistance” by the number of freezing and thawing
cycles until the strength decreased by no more than 5 %. Water absorption was measured in
accordance with GOST 12730.3-2020 “Concrete. Methods for determining water absorption” by
saturating the samples with water to a constant mass, which made it possible to estimate the
volume of the open-pore structure and the degree of capillary activity of the material.

Porosity was investigated using mercury porosimetry with a Thermo Scientific Pascal 240
EVO device, which provides high accuracy in analysing the distribution of pores by size and their
total volume. The testing methodology was based on international standards ISO 15901-1:2016
and DIN 66133. The results obtained made it possible to establish a relationship between the
microstructure of cement stone, the composition of modifying additives and the performance
properties of concrete, in particular strength, water absorption and frost resistance.

3. Results and discussions

During the experimental research stages, the effectiveness of using a complex modifying
additive in self-compacting fine-grained concrete mixtures and concretes was studied. The main
task was to determine the optimal dosages of components that would ensure the required
rheological and physical-mechanical characteristics with a minimum water-cement ratio [11].

The dosage of chemical-mineral modifiers was determined on the basis of preliminary
experimental studies and amounted to 1 % of the total mass of the binder for the SP system and
25% of the total mass of the binder for the system using BWS. The amount of mixing water was
adjusted depending on the slump values of the mixture, determined by the Abrams method, in
order to achieve a workability class of PK2. This approach ensured the production of concrete
mixtures capable of self-compacting under their own weight without the need for vibration, which
meets the requirements of energy-efficient and vibration-free moulding technologies [12-15].

The detailed compositions of the mixtures studied and their physical and technical
characteristics are given in Table 1.

Table 1. Composition and properties of concrete mixtures with modifying additives

No. | Cement, kg | Sand, kg | Water,1 | BWS, kg | SP, % | W/C CS, sm
1 550 1375 275 - - 0.51
2 413 1597 190 - 1.0 0.34 | P5(>20 sm)
3 413 1460 190 137 1.0 0.34
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The main technological parameters of self-compacting fine-grained concrete mixtures include
the preservation of mobility over time and resistance to segregation, which together determine the
mixture's ability to self-compact stably during transport and placement. To evaluate these
indicators, tests were conducted on the retention of mobility in accordance with the requirements
of GOST 10181-2014 “Concrete mixtures. Test methods” and GOST 30459-2008 “Concrete
mixtures. Methods for determining delamination”.

The experiments were conducted under controlled environmental conditions at a temperature
of (22+2) °C. The mobility of the concrete mix was determined by the diameter of the spread of a
standard cone, which made it possible to quantitatively assess the degree of mobility and
self-compaction ability without loss of structural homogeneity.

Measurements of the concrete mix’s mobility indicators began immediately after its
preparation and were carried out at 60-minute intervals throughout the observation period. A new,
pre-mixed sample was used for each test cycle, which excluded the influence of structure
formation and partial hydration processes on the measurement results.

The data obtained made it possible to assess the dynamics of changes in the mobility of self-
compacting fine-grained concrete mixtures (SCM) over time and to establish the degree of
preservation of their rheological characteristics at various dosages and types of complex
modifying additives [16, 17].

The results of the study of the mobility of self-compacting fine-grained concretes (SCF) with
the introduction of various modifying systems are presented in Fig. 1, which clearly illustrates the
influence of chemical-mineral additives on the mobility and ability of mixtures to maintain self-
compacting properties during curing.
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Fig. 1. Change in the spread ability of concrete mix over time in the compositions studied

Analysis of the results showed that compositions without additives quickly lose their mobility,
becoming unsuitable for use. The introduction of SP ensures long-term fluidity retention due to
steric repulsion of particles, while the combined use of SP and BWS stabilises the structure of the
mixture and reduces water separation. The use of a complex additive allows PK2 class mobility
to be maintained for over 3 hours, improving uniformity and enabling laying without vibratory
compaction.

The main difference between self-compacting fine-grained concrete (SCFC) and traditional
concrete mixtures is their unique rheological characteristics and high degree of grain density.
Thanks to the optimal ratio of components and the action of complex modifying additives, SCFC
is characterised by its ability to compact itself under its own weight without the use of external
vibration. This ability ensures uniform filling of the formwork, absence of voids and defects, as
well as increased adhesion to the reinforcement cage, which contributes to the formation of a
dense, homogeneous structure and improves the quality of finished concrete structures [18].

At the production stage, the quality of self-compacting mixtures was assessed according to a
number of key technological parameters that determine their self-compacting ability. The
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viscosity of the mixture was determined using a V-funnel, which made it possible to establish the
flow rate and resistance of the composition to delamination. This indicator is one of the most
important criteria characterising the stability and uniformity of the concrete mixture.

The ability of the mixture to fill the form and pass through reinforcement obstacles was
assessed using an L-shaped box (L-box test). This method allows determining the ratio of the
height of the concrete mixture after passing through the reinforcement barrier to the initial level,
as well as the flow time. The test reflects the fluidity, homogeneity and self-compacting ability of
the composition when simulating real concreting conditions. These criteria serve as the basis for
confirming the compliance of self-compacting mixtures with established requirements and
guarantee their high technological efficiency, effectiveness and reliability in practical application
(Table 2).

Table 2. Permissible deviations in indicators and quality indicators for self-compacting concrete mixtures

The interval in Permissible Compositions
Name of concrete mix quality which the deviation of the
indicator specified indicator | indicator from the 1 2 3
value falls specified value
Average density, kg/m’ 2200-2600 +20 2225 2354 | 2306
Viscosity index using a V-
shaped funnel, with 9-25 +3 61 0 1
An indicator of the ability to According to the Failed to
overcome obstacles in tests s +0.05 overcome 6 10
using an L-shaped box, with project completely

Analysis of the test results showed a direct correlation between the flow time from the
V-shaped funnel and the viscosity of the concrete mix. It was found that as the flow time decreases,
the fluidity increases and the viscosity of the mix decreases, which is a favourable factor for self-
compacting concrete. In the modified compositions studied, the flow time varied from 9 to
11 seconds, which meets the requirements for self-compacting fine-grained concrete. The
minimum flow time (9 seconds) was recorded for the composition with the optimal dosage of the
modifying additive, which indicates a balanced ratio between fluidity and structural stability. In
the control composition, which did not contain a modifier, the flow time was 61 seconds, which
significantly exceeds the permissible regulatory limits and indicates insufficient mobility and
increased viscosity of the mixture.

The results of tests conducted using the L-box test showed that the time taken for the mixture
to pass through the obstacles varied from 6 to 19 seconds. The minimum time (6 seconds) was
observed for the most technologically advanced composition and indicates high mobility and the
ability of the mixture to evenly fill the mould without forming voids and delamination.
Compositions No. 2 and No. 3 demonstrated an optimal combination of fluidity and viscosity
parameters, confirming that their rheological properties meet the requirements for self-compacting
fine-grained concrete (SCFC).

The next stage involved studying the effect of the complex additive on the physical and
mechanical properties of self-compacting fine-grained concretes (Table 3). It was found that the
addition of the additive improves strength and deformation characteristics. The prismatic strength
(feprism) of composition No. 3 increased by 14.6 % compared to the control (No. 1) and by 6.7 %
compared to composition No. 2. The modulus of elasticity (E;) increased by 6.5 % and 5.2 %,
respectively.

The use of a complex additive also increased the density of the concrete by reducing capillary
porosity, which led to improved performance characteristics. Frost resistance increased from F300
to F450, and water resistance from W8 to W12. Water absorption decreased from 6.1 % to 4.5 %
by mass and from 14.2 % to 8.3 % by volume, confirming the reduction in porosity and
improvement in material durability.

The physical and mechanical properties of concrete, including strength, deformability,
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permeability and frost resistance, are determined by its porous structure, which depends on the
size, shape and volume of the pores [18-20].

A Thermo Scientific Pascal 240 mercury porosimeter was used to analyse the porous structure.
Concrete samples, hardened for 28 days, were vacuum-treated and filled with mercury after drying
at 105 °C. Based on the obtained porograms (Table 4), the quantitative characteristics of the
porous structure of the studied compositions were determined.

Table 3. Properties of concrete with modifying additives

. . Modulus of Water Frost Water absorption, %
Concrete | Prismatic .. 3 - .
No class |strenoth. MPa elasticity, 10°, | resistance, | resistance, | By mass,| By volume,
£t MPa Atm cycle % %
Cmﬁ]poos;“o” 35.49 35.5 w8 300 6.1 14.2
Composition | g3 38.7 35.8 W10 400 49 9.1
No. 2
Composition 413 378 w12 450 45 8.3
No. 3
Table 4. Porous structure indicators of the samples studied
Name of indicators Composition No. 1 Composition No. 2 Composition No. 3
Relative pore volume (mm?/g) 51.11 44.12 41.78
Total pore area (m’/g) 5.16 4.822 4.3
Average pore size (um) 0.024 0.022 0.021
Total porosity of samples, % 9.81 8.89 8.42

The results of porosimetric analysis of three compositions of fine-grained concrete revealed a
regular improvement in the porous structure when modifying additives were introduced. In
composition No. 3, containing KK, the total porosity decreased by 9.4 % compared to composition
No. 2 and by 14.2 % compared to composition No. 1, which indicates an increase in density and
a decrease in the volume of voids.

The relative pore volume in composition No. 3 decreased to 41.78 mm?®/g, which is 18.2 %
and 5.3 % lower than the values for compositions No. 1 and No. 2, respectively. The average pore
size was 0.021 um, the minimum value among the mixtures studied. The reduction in porosity and
pore size increases the density, strength and frost resistance of concrete.

The reduction in porosity and average pore size results in a denser and more uniform concrete
structure, which increases its strength, modulus of elasticity, water resistance and frost resistance.
Thus, the use of a complex modifying additive contributes to the intensification of the cement
stone structure formation processes, increases its compactness and durability, which confirms the
effectiveness of the developed approach to modifying self-compacting fine-grained concretes.

4. Conclusions

Experimental studies have shown that the use of a complex modifying additive in self-
compacting fine-grained concretes significantly improves their rheological and physical-
mechanical characteristics. Optimisation of the component composition made it possible to ensure
the required fluidity and resistance to delamination while maintaining a high density structure
without the need for vibration compaction.

Rheological tests showed that the modified compositions are characterised by a flow time from
a V-shaped funnel of 9-11 seconds and a passage time through an L-box of 6-19 seconds, which
indicates high mobility and self-compacting ability. The control composition without additives
had significantly worse performance (flow time of 61 seconds), confirming the effectiveness of
the complex modifier.

Analysis of the physical and mechanical properties showed that the use of a complex additive
increases the prismatic strength of concrete by 14.6 %, increases the modulus of elasticity by
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6.5 %, and improves performance indicators: frost resistance increased from F300 to F450, water
resistance from W8 to W12, and water absorption decreased from 6.1 % to 4.5 % by mass. The
results confirm the formation of a denser and more homogeneous cement stone structure.

Mercury porosimetry data showed a decrease in total porosity and average pore size in the
modified compositions, which increases the density, strength and durability of concrete. The total
porosity decreased to 8.42 %, and the relative pore volume to 41.78 mm?/g, which corresponds to
an improvement in the microstructural characteristics of the material.

Thus, the introduction of complex modifying additives allows for the production of self-
compacting fine-grained concretes with improved performance characteristics, ensuring the
implementation of vibration-free and energy-efficient construction technologies. The developed
compositions can be recommended for monolithic and prefabricated structures, especially in
conditions of increased requirements for surface quality, density and durability of concrete.
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