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Abstract

In this study, a waste-based complex mineral-modifying additive (CMMA), composed of fly ash (FA), microsilica (MS),
and metakaolin (MK) derived from industrial waste, was developed. Concrete specimens were produced using vibration
(V), centrifugation (C), and vibro-centrifugation (VC) methods; CMMA was used for replacing cement in amounts ranging
from 0% to 20%, with increments of 4%. The compressive strength, water permeability, and freeze-thaw resistance of the
resulting concrete were evaluated. The results showed that the optimal CMMA ratio for all production methods was 12%.
At this ratio, the compressive strength reached 49.7 MPa, 59.3 MPa, and 63.5 MPa for V, C, and VC concrete mixtures,
respectively, corresponding to increases of 10.7%, 15.8%, and 18.7% compared to the control mixture. The same mixtures
demonstrated the highest performance in terms of water impermeability, achieving W10, W12, and W14 classifications,
respectively. Under freeze-thaw conditions, the lowest strength losses were again observed in the specimens containing
12% CMMA, which were 5.9%, 4.8%, and 3.7%, respectively. Microstructural analyzes have shown that CMMA produces
a denser, more homogeneous, lower-porosity cement matrix and reduces microcrack formation. The findings indicate that
CMMA is particularly effective when used with centrifugal and vibro-centrifugal production technologies.

Keywords: Variatropic Concrete; Frost Resistance; Compressive Strength; Water Resistance; CMMA; Reinforced Concrete Products.

1. Introduction

As urbanization accelerates and the global economy grows, construction is progressing more rapidly. High
construction rates are accompanied by enormous consumption of natural non-renewable resources, including cement,
the production of which is accompanied by large CO, emissions, and the accumulation of solid demolition waste. All
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of this ultimately has a negative impact on the environment [1-3]. This creates a need to identify alternative sources
of raw materials for the construction industry, including those suitable for concrete production. Fly ash (FA) is
classified as a man-made waste and is used as an active mineral additive, replacing part of the cement in concrete
composite technologies [4, 5]. Including 15% FA increases the slump of mixtures and increases the compressive
strength of high-strength concrete by 23.2% [6]. Using a mixture of FA and waste glass powder improves the strength
and microstructure of concrete [7, 8]. Low-carbon concretes with 20% F A content have better performance properties
compared to the control composition [9]. Concrete for 3D printing with a 50% mixture of FA and ground granulated
blast furnace slag, introduced instead of part of the cement, demonstrated excellent performance, meeting all printing
requirements [10]. FA can be effectively used in the production of reactive powder concrete with a strength of up to
130 MPa [11]. Improvements in the performance properties of concrete with the inclusion of FA are also confirmed
by other studies [12-15].

Microsilica (MS) is a man-made waste produced during the gas-cleaning process of industrial electric-arc furnaces.
MS has high pozzolanic activity and is used as an active mineral additive for concrete [16]. Waterproof concretes
modified with FA and MS have improved frost resistance and fewer capillary pores [17]. Inclusion of an optimal amount
of FA and MS mixture in the composition of high-strength concrete allows to increase its water resistance [18].
Reinforced concrete beams in high-chloride environments show decreased corrosion rates when natural pozzolana and
MS additives are used [19]. MS in dosages from 6% to 7.5% increases the compressive strength and increases the
structural density of specialized solutions designed for the immobilization of radioactive waste concrete [20]. Concrete
with rubber crumb used instead of part of the sand, modified with MS, showed improved workability and strength
compared to the composition without MS [21]. Including MS helps to reduce the alkali reactivity of fillers used in the
production of various types of concrete [22]. Multiple investigations have confirmed that adding MS into composites
leads to better physical and mechanical properties [23-26]. Metakaolin, a mineral additive for concrete, is a pozzolanic
material created through the thermal activation of aluminosilicate minerals. The properties of concrete can be
significantly improved by incorporating MK in an optimal amount [27, 28]. Adding 10% MK to concrete with recycled
coarse aggregate enhances its hydration and strengthens its composite properties [29].

Compressive strength of laterite aggregate concrete increased from 35.6 MPa to 53.9 MPa with a 10% MK
addition, leading to significant microstructural densification in the transition zones [30]. MK and nanosilica act
synergistically, accelerating hydration by approximately 3 hours. This enables the creation of UHPC with strengths
reaching 182 MPa [31]. Reinforced concrete beams achieve a 22% boost in compressive strength by incorporating
both MK and recycled glass, according to source [32]. With MK concentrations up to 15%, concrete mixes
incorporating recycled aggregate can be optimized, leading to the production of curbs with the desired performance
characteristics [33]. The addition of MK helps reduce alkali-silicate reactions in reactive coarse aggregate, which
ultimately has a beneficial effect on the properties of concrete [34]. MK is considered an environmentally friendly
alternative to Portland cement. With an optimal formulation, the use of MK allows for the production of composites
with improved properties. The addition of 10% MK and 5% natural zeolite increases the durability of high-strength
concrete [35-37]. Eco-friendly concretes with MK and improved strength properties have also been developed in
studies by other authors [38-42].

The industrial waste usage such as FA and MS in concrete production is a prospective solution to the environmental
improvement. This enables the creation of composites with enhanced characteristics [43-46]. However, FA and MS are
waste materials and often exhibit significant differences in their chemical composition. Industrial waste in its original
form contains contaminants and pollutions, and has varying moisture content, making its usage impossible without prior
preparation. The market offers a wide set of additives, reflecting the significant growth in concrete's additive
manufacturing industry [47, 48].

This study proposes developing an organic-mineral additive based on silica-containing components (FA, MS, and
MK) and a plasticizing surface-active component. The important role is devoted to assessing its effectiveness of concrete
produced by three technologies: vibration (conventional concrete), centrifugation, and vibrocentrifugation (Variatropic
concrete). Variatropic concrete is a composite with varying distributions of constituent materials across the cross-
section, particularly the coarse aggregate. In centrifuged concrete, the cement-sand mortar and crushed stone are
distributed under the influence of centrifugal forces as follows. The outer layer primarily contains large crushed stone
grains bonded by mortar; the middle layer contains smaller crushed stone grains and mortar; the inner layer comprises
a cement-sand mortar containing the smallest sand fractions and cement particles squeezed out of the outer and middle
layers during compaction. A key difference in the structure of vibrocentrifuged concrete compared to centrifuged
concrete is the uniform distribution of crushed stone grains within a cement-sand mortar in its outer and middle layers
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[46-51]. Developing a new additive from industrial waste for variatropic concrete will broaden its applications and
address waste management issues. The scientific novelty of the work lies in the development of a new complex mineral
modifying additive (CMMA) based on man-made waste, the creation of new types of concrete manufactured by
vibration, centrifugation, and vibrocentrifugation technologies and modified with CMMA, and the determination of the
mechanisms of CMMA operation within the composite structure under various manufacturing parameters. The
theoretical approach proposed in this paper involves analyzing previously conducted research on similar topics,
systematizing previously acquired knowledge, and formulating a core scientific concept. The study utilized standardized
methods for assessing the properties of variable-temperature composites, analyzed experimental results, and identified
key patterns.

Although many studies have demonstrated that mineral admixtures such as fly ash (FA), microsilica (MS), and
metakaolin (MK) improve the mechanical and durability properties of concrete, existing research has largely
focused on the effects of these additives on concrete produced using conventional vibration methods. In contrast,
the development of CMMA systems and their behavior under different production technologies have not been
sufficiently investigated. In particular, limited information is available regarding the performance and distribution
mechanisms of such additives in variatropic concretes, whose internal structure is shaped by centrifugal and vibro-
centrifugal effects. Furthermore, the combined effects of additive composition, particle distribution, and production
technology on concrete performance have not been systematically investigated. Additionally, comprehensive
studies that simultaneously examine the effects of multi-component mineral additives on microstructural
development and durability properties under different compaction mechanisms are insufficient. Therefore, there is
a need for a systematic study that includes the development of a complex mineral-modifying additive and a
comprehensive evaluation of its performance under different production technologies. The aim of this study is to
create ready-to-use CMMA and to produce vibrated (V), centrifuged (C), and vibrocentrifuged (VC) concretes
modified with CMMA, intended for manufacturing reinforced concrete products and structures. The main objectives
of this study can be summarized as follows:

e To develop a systematic and reproducible method for producing a complex mineral modifying additive (CMMA)
based on industrial waste materials (fly ash, microsilica, and metakaolin), and to characterize its physical,
chemical, and morphological properties;

e To design and prepare experimental concrete specimens produced using three different manufacturing
technologies—vibration (V), centrifugation (C), and vibrocentrifugation (VC)—incorporating CMMA at varying
replacement levels (0—20%) of cement;

e To experimentally evaluate the influence of CMMA content and production technology on the key mechanical and
durability properties of concrete, including compressive strength, water resistance, and frost resistance;

¢ To investigate the microstructural characteristics of the developed concretes using SEM and EDS analyses, with
particular emphasis on phase formation, particle distribution, and matrix densification;

e To perform a comparative and quantitative analysis of the experimental results in order to identify the optimum
CMMA dosage and to establish relationships between composition, production method, and performance;

e To explain the underlying mechanisms of CMMA action in cementitious systems, including its pozzolanic
reactivity, microfilling effect, and its role in promoting the formation of C—S—H and C—A—H phases;

e To assess the combined effect of CMMA and variatropic production technologies (especially centrifugation and
vibrocentrifugation) on the structural organization and performance enhancement of concrete;

e To evaluate the practical applicability and engineering feasibility of the developed CMMA -modified concretes for
reinforced concrete elements, including their potential use in precast structural components such as pipes, poles,
and load-bearing elements;

To contribute to the development of sustainable construction materials by reducing cement consumption and
promoting the utilization of industrial waste in high-performance concrete production.

2. Materials and Methods
2.1. Materials

Raw materials for concrete production, including their types and properties, are detailed in Table 1.
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Table 1. Properties of Raw Materials

Indicator Actual value

Portland cement CEM I 52.5 N (PC) (CEMROS, Stary Oskol, Russia)

Specific surface area (m*kg) 315
Normal density (%) 27

Setting time (min) 160

Setting time (min) 250

Compressive strength at 28 days (MPa) 458
Uniform volume change (mm) 0.5

Mineralogical composition of clinker:

CS (%) 677
C,S (%) 123
C3A (%) 8.2
C4AF (%) 118

Quartz sand (QS) (Arkhipovsky quarry, Arkhipovskoye, Russia)

Bulk density (kg/m?) 1345
Apparent density (kg/m?) 2561
The content of dust and clay particles (%) 0.13

Crushed granite, fraction 5-20 mm (CrS) (Granite, Kamennogorsk, Russia)

Bulk density (kg/m?) 1455
Apparent density (kg/m?) 2663
Resistance to fragmentation (wt %) 113
The content of lamellar and acicular grains (wt %) 8.5

Fly ash (FA) (Novocherkassk State District Power Plant, Novocherkassk, Russia)

Bulk density (kg/m?) 935
Si0; (%) 4092
TiO, (%) 0.87
ALO; (%) 219
Fe,03 (%) 9.38
Ca0 (%) 0.82
MgO (%) 1.68
MnO (%) 0.36
K20 (%) 5.5
NasO (%) 0.9
LOI (%) 1792

Microsilica (MS) (NLMK, Lipetsk, Russia)

Bulk density (kg/m?) 152

Si0; (%) 92.1
AlLO3 (%) 0.66
Fe 05 (%) 0.85

CaO (%) 1.5
MgO (%) 1.03

Na,O (%) 0.61
K>0 (%) 1.23
C (%) 0.94
S (%) 0.27

LOI (%) 0.81

Highly active metakaolin VMK-45 GK (MK) (Synergo, Magnitogorsk, Chelyabinsk region)

ALO; (%) 420

Fe 03 (%) 0.1

SiO; (%) 53

Loss on ignition at 1000 °C (%) 1

Bulk density (kg/m?) 450

Powdered plasticizing additive C-3 (CEMMIX, Moscow, Russia)
Appearance Brown powder

pH 8+1
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The results of the SEM analysis of FA and MS are presented in Figure 1.
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Figure 1. SEM image:(a) FA at 290x magnification;(b) MS at 140x magnification

FA particles are predominantly spherical. MS consists of agglomerated spherical and irregularly shaped particles.

Figure 2 presents the SEM analysis results for MK.
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Figure 2. SEM image of MK:(a) at 500x magnification;(b) at 1500x magnification

®)

MK particles are predominantly plate-shaped and angular. Larger agglomerates of MK particles are observed. Figure
3 illustrates the appearance of the primary components of the raw material

Figure 3. Appearance of raw materials:(a) PC; (b) QS; (c) FA; (d) MS; (e) MK; (f) CrS
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Figure 4 illustrates the particle size distribution of fine and coarse aggregates.
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Figure 4. Particle size distribution curves:(a) QS; (b) CrS

A fineness modulus of 1.79 was determined for QS through particle size distribution analysis. The CrS measurement
falls within the 5-20 mm range.

Additionally, Figure 5 shows the particle size distribution curves of the finely dispersed mineral components.
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Figure 5. The distribution curves of particle size: (a)FA;(b)MS;(c)MK
Following the particle size analysis results, the fine mineral components have the following distribution:

o FA. The main size range for 79.6% of the particles is 8 to 70 um, with a maximum frequency of 9.1% at 35.5 um.
The content of particles in the 1 to 8 pm range is 17.6%.

e MS. The main size range, covering 55.9% of the particles, is 5 to 21 pm, with a maximum of 8.6% at 6.78 pm.
The particle content in the 0.2 to 5 um range is 42.7%.

e MK. For 87.6% of the particles, the main size range is 0.2 to 7 um, with a maximum of 12.7% at 5.14 um. The
proportion of particles in the 7-10.27 pum range is 12.4%.
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2.2. Methods

A complex mineral modifying additive (CMMA) was produced from FA, MS, and MK using the following main
process steps:

e Purification of FA and MS from contaminants and agglomerated inclusions by sifting through 5 mm and 0.315
mm sieves;

¢ Drying of FA, MS, and MK in a laboratory drying oven at 50-60 °C to constant weight;

e Dosing of FA, MS, and MK in the quantities required for mixing; mixing of the mineral components and
powdered plasticizing additive C-3 in a special container in the following ratio: FA — 70%; MS — 20%; MK —
10%; C-3 — 0.3% of the final weight of the mineral component mixture;

e Loading of CMMA into an Activator-4M planetary ball mill for additional mechanical activation and more
uniform distribution of the mineral components. CMMA was mixed for 5 minutes at 600 rpm;

e CMMA was unloaded from the Activator-4M planetary ball mill and packaged in polyethylene bags sealed with
a clamp.

The optimal ratio of FA, MS, and MK raw materials for CMMA production was determined during preliminary
experimental studies, which assessed the impact of various FA, MS, and MK ratios on the compressive strength of
cement matrices. Based on the compressive strength results, the ratio of mineral components that provided the greatest
strength gains was selected. Concrete mixes with varying CMMA contents were produced as follows:

e Raw material components were dosed according to the formula presented in Table 2;

e Loading the components into a laboratory concrete mixer in the sequence of PC and CMMA and mixing them dry
for 2 minutes; loading QS, CrS, and adding mixing water; mixing all raw materials until a homogeneous consistency
was achieved; unloading the concrete mix from the mold and producing experimental samples of variatropic
concrete using various technologies.

Table 2. Concrete mix compositions with flow rates per 1 m*

Mixture type PC (kg/m*) QS (kg/m’) CrS (kg/m’) CMMA (kg/m%) W (L)

V-0CMMA 420 661 1185 0 180
V-4CMMA 403.2 661 1185 16.8 180
V-8CMMA 386.4 661 1185 33.6 180
V-12CMMA 369.6 661 1185 50.4 180
V-16CMMA 352.8 661 1185 67.2 180
V-20CMMA 336.0 661 1185 84 180
C-0CMMA 420.0 661 1185 0 180
C4CMMA 403.2 661 1185 16.8 180
C-8CMMA 386.4 661 1185 33.6 180
C-12CMMA 369.6 661 1185 50.4 180
C-16CMMA 352.8 661 1185 67.2 180
C-20CMMA 336.0 661 1185 84 180
VC-0CMMA 420.0 661 1185 0 180
VC4CMMA 403.2 661 1185 16.8 180
VC-8CMMA 386.4 661 1185 33.6 180
VC-12CMMA 369.6 661 1185 50.4 180
VC-16CMMA 352.8 661 1185 67.2 180
VC-20CMMA 336.0 661 1185 84 180

Before producing experimental samples of V, C, and VC concrete, the slump of fresh concrete was determined with
varying doses of CMMA added in place of part of the binder. The slump of fresh concrete varied from 2 to 9 cm. With
increasing CMMA content, slump values decreased within acceptable limits. The presence of the C-3 plasticizing
additive in the CMMA reduced the water demand of the mineral components.

Vibrated concrete specimens were prepared by pouring the mix into metal molds and vibrating them on a lab table
for a minute. Compaction was followed by smoothing of the sample surfaces. Samples were centrifuged in the following
sequence. The concrete mixture was spun at 50-100 rpm in a metal mold for 5 minutes. Afterward, the concrete mix
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underwent a 10-minute period of intensive compaction at speeds of up to 600 rpm. After compaction, the sludge was
drained from the mold. The entire centrifugation cycle took 20 minutes. Vibro- centrifugation was conducted under the
same parameters as standard centrifugation, except that specialized clamps with protrusions 5 mm high, 20 mm long,
and spaced at 30 mm intervals were placed on the unit's shafts to induce vibration. Following production, the V, C, and
VC concrete experimental specimens were cured for one day before being extracted from their molds. The specimens
were then cured for another 27 days under conditions of 20 + 2 °C and 60 + 10% relative humidity. Following the
procedure in Beskopylny et al. [52], cubes of 100x100%100 mm and 150x150x150 mm were sawn from the C and VC
concretes on a stone-cutting machine at 28 days.

Figure 6 illustrates the experimental design for V, C, and VC concretes modified with CMMA.

Concrete manufacturing
technology:
-V
- C
- VC

v

Content of the CMMA
modifying additive

.

0% 4% 8% 12% 16% 20%

v

( Total tests for one series ‘

T I

Compressive Water Frost
strength resistance resistance
i [ ¥
Cubes Cubes Cubes
100x100x100 (mm) 150x150x150 (mm) 100x100x100 (mm)
- 1| ' I8 [
3 pcs 6 pcs 12 pcs

Figure 6. Experimental design

Standard methodologies [53-56] were employed to determine the compressive strength (R, MPa) of V, C, and VC
concrete. Each specimen underwent testing at 28 days of age. The concrete samples underwent testing and were
subjected to increasing load until they broke, with the loading rate maintained at (0.6 + 0.2) MPa/s. With a precision of
0.1 MPa, Equation 1 was used to determine the compressive strength. The arithmetic mean of the two strongest
specimens in each group of three was used to determine the compressive strength.

R=a§ (M

where F is the ultimate load (N); 4 is the cross-sectional area of the specimen(mm?2); and a is a coefficient accounting
for specimen dimensions (for specimens with a side length of 100 mm, a. = 0.95).

The water resistance of concrete was determined using a rapid method using the AGAMA-2RM instrument
(RusPribor, Russia) under the requirements of GOST 12730.5-2018 [57]. Before testing, the specimen's surface was
cleaned. A special 8-mm-diameter sealing mastic rope was then prepared and placed on the chamber flange in a groove
along its midline. The chamber flange was then positioned on the prepared section of the specimen and pressed firmly
against its surface, after which the measurement process began. Based on the measurement results, the instrument's
display showed the concrete's air penetration resistance (m., s/cm?®) and the corresponding water resistance grade (7).

According to method of GGOST 10060-2012 [58], the frost resistance (F, cycles) of V, C, and VC concrete was
established. Table 3 provides the conditions for using the accelerated method to assess the frost resistance of concrete.
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Table 3. Test conditions for determining frost resistance

Duration, h

Sample type and
quantity Saturation medium: 5% Freezing medium and temperature: Medium and thawing temperature:
aqueous NaCl solution 5% aqueous NaCl solution, minus (50+2)°C 5% aqueous NaCl solution, (20+2)°C
Control samples — 6 pcs. 48 - -
Main samples — 6 pcs. 48 7 35

The saturated control specimens were then removed, cleaned, weighed, and assessed for strength. Formula 1 was
used to determine the compressive strength of each control specimen. Following repeated freeze-thaw cycles, the
principal specimens were inspected, brushed, wiped with a damp cloth, weighed, and assessed for strength. The frost
resistance findings were handled as outlined in GGOST 10060-2012 [58]. The specimens were considered having passed
the frost resistance test if the ratio x”. >0.9.x’. was observed, the mass loss did not exceed 2%, and the specimens

mi

were free of cracks, chips, or flaking of ribs (X}, ,is the lower limit of the confidence interval for the main specimens
after freezing and thawing the specimens; X}

minis the lower limit of the confidence interval for the control specimens).

The morphology of FA, MS, MK, CMMA, and Variatropic concrete particles modified with CMMA was assessed
using a ZEISS CrossBeam 340 scanning electron microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) equipped
with an Oxford Instruments X-Max 80 X-ray microanalyzer.

3. Results and Discussion
3.1. Results of CMMA Property Evaluation
The results of SEM and EDS analyses of CMMA are presented in Figures 7 and 8, respectively.
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Figure 7. SEM image of CMMA:(a) at 75x magnification;(b) at 1500x magnification
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Figure 8. EDS CMMA
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The complex mineral- modifying additive is a mixture of the mineral components fly ash, microsilica, and
metakaolin, each with different particle size distributions. MS and MK particles are uniformly distributed among the FA
particles. No agglomerated clusters are observed.

According to the EDS analysis, the elemental composition of CMMA comprises the following elements: C; O; Si;
Ca; Al; Fe; K; Mg; Na; S; Ti.
3.2. Results of Assessing the Properties of V, C, and VC Concretes Modified with CMMA

The findings in Figure 9 detail the compressive strength evaluations for vibrated (V), centrifuged (C), and
vibrocentrifuged (VC) concrete specimens with varying CMMA additive amounts.
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40 T T | T | T T |
0 4 8 12 16 20
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Figure 9. Compressive strength of V, C, and VC concretes versus CMMA content

The compressive strength analysis in Figure 9 shows that V, C, and VC concretes with up to 16% CMMA replacing
cement exhibited increased strength. The compressive strength was highest at 12% CMMA content. Among the vibrated
concretes, the V-12CMMA composition has the highest compressive strength, 49.7 MPa, which is 10.7% higher than
the control. Among the centrifuged and vibrocentrifuged concretes, the C-12CMMA and VC-12CMMA compositions
have maximum compressive strengths of 59.3 MPa and 63.5 MPa, which are 15.8% and 18.7% higher than the control
value. V, C, and VC concretes modified with 16% CMMA exhibit compressive strengths that are 6%—11% higher than
the control values. However, at 20% CMMA, the strength of the Variatropic composites decreases to values comparable
to those of the control compositions. The sharp decrease in compressive strength at 20% CMMA indicates that
incorporating more than 20% of'this additive in V, C, and VC concretes, replacing a portion of the cement, is impractical
and will cause a greater reduction in strength. This improvement in compressive strength can be attributed to the
combined pozzolanic and microfilling effects of CMMA. The fine particles of microsilica and metakaolin fill the voids
between cement grains, leading to denser particle packing and reduced porosity. Simultaneously, the pozzolanic reaction
of FA, MS, and MK with calcium hydroxide promotes the formation of additional C—S-H and C—A-H gels, which
enhance the bonding within the cement matrix. However, at higher replacement levels (e.g., 20%), the dilution effect
predominates because of insufficient cement content, resulting in reduced strength. The values of the coefficients of
determination of the experimental dependencies of the compressive strength V, C and VC concrete modified with
different dosages of CMMA were: R2 = 0.9659; R? = 9597; R2. = 0.9984. Table 4 illustrates the effect of varying
CMMA quantities on the compressive strength (AR) of V, C, and VC concretes.

Table 4. Changes in Compressive Strength of V, C, and VC Concretes Depending on CMMA Content

CMMA content (%)

AR (%)

4 8 12 16 20
AR, (%) 6.5 9.8 10.7 60 33
AR, (%) 8.4 111 15.8 9.0 0.2
ARy (%) 9.7 12,5 17.6 11.0 0.9
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Table 4 shows that the CMMA modification is most effective when combined with vibro-centrifugal compaction
technology.

Figure 10 further shows rapid tests for water-resistance grade.
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Figure 10. Air penetration resistance of concrete V, C, and VC as a function of CMMA content

The air-penetration resistance values (Figure 10) for concretes V, C, and VC tend to increase as CMMA modification
levels rise from 4% to 12%. Concretes V, C, and VC exhibit their maximum air-penetration resistance values when
using 12% CMMA. The air penetration resistance values of vibrated concrete for V-OCMMA and V-4CMMA
compositions were 12.5 s/cm? and 13.4 s/cm’, respectively, which, according to the requirements of EN 12390-2:2019
[54], corresponds to the W8 grade, where m. values range from 9.5 to 13.7 s/cm?. Vibrated concrete of compositions
types V-8CMMA, V-12CMMA and V-16CMMA have concrete air penetration resistance values equal to 14.7 s/cm3,
16.9 s/cm? and 15.1 s/cm?, which, according to the requirements of GOST 12730.5-2018 [57], corresponds to the W10
grade, where the m. values vary from 13.8 to 19.6 s/cm>. Concrete composition V with the maximum content of the V—
20CMMA additive has the W8 water-resistance grade. Centrifuged concrete of compositions types C-0CMMA and C—
4CMMA have concrete air penetration resistance values of 14.6 s/cm3 and 16.1 s/cm®, which corresponds to the W8
water resistance grade. The values of concrete resistance to air penetration for compositions C-8CMMA, C-12CMMA
and C-16CMMA were 19.9 s/cm?, 22.5 s/cm? and 20.3 s/cm?, which, according to the requirements of GOST 12730.5-
2018 [57], corresponds to the W12 grade, where the m, values vary from 19.7 to 29.0 s/cm®.

Concrete composition C with the maximum content of the C-20CMMA additive has a water-resistance grade of
W10. Vibro-centrifuged concrete of the control composition VC-0CMMA has a water resistance grade of W10.
Compositions of the VC-4CMMA and VC-8CMMA types have a water resistance grade of W12. The VC-12CMMA
concrete composition has an air penetration resistance value of 31.5 s/cm?, which, according to the requirements of
GOST 12730.5-2018 [57], corresponds to the W14 grade, where m. values range from 29.1 to 42.0 s/cm*. The VC—
16CMMA and VC-20CMMA compositions have a water resistance grade of W12. Primarily, the pore structure becomes
more refined, leading to increased water resistance upon CMMA incorporation. The microfilling effect of fine particles
reduces capillary pore connectivity, while the formation of additional hydration products further blocks fluid transport
pathways. As a result, the permeability of the concrete decreases significantly, especially at the optimum CMMA
content. The superior performance of VC concretes can be attributed to a more uniform distribution of fine particles,
which enhances pore discontinuity and reduces permeability. The values of the coefficients of determination of the
experimental dependencies for determining the water resistance V, C and VC concrete modified with different dosages
of CMMA were RZ = 0.9577; R? = 9718; RZ, = 0.9434.

Table 5 shows the changes in air penetration resistance (Am.) of V, C, and VC concretes containing different amounts
of CMMA.

Table 5. Changes in air penetration resistance of V, C, and VC concretes depending on CMMA content

CMMA content (%)

Am, (%)
4 8 12 16 20
A myy) (%) 72 176 352 208 24
A My (%) 10.3 363 541 39.0 7.5
A Moy (%) 15.0 422 68.4 47.1 13.9
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The graphs in Figure 11 display the changes in compressive strength for V, C, and VC concrete samples (both control
and main) containing different CMMA levels, following a set amount of freezing and thawing.
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Figure 11. Compressive strength of control (1) and base (2) concrete specimens with different CMMA contents after a given
number of freeze-thaw cycles:(a) V, 2 — after 7 cycles;(b) C, 2 — after 9 cycles;(c) VC, 2 — after 11 cycles (1- green, 2— red)
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Varying amounts of CMMA resulted in different compressive strengths in the concrete, as shown below. The base
specimens with the V-12CMMA composition exhibited the lowest compressive strength loss of 5.9%. The base
specimens, comprising the control composition V and those containing 4%, 8%, 16%, and 20% CMMA exhibited higher
percentage losses of strength, ranging from 6.5% to 9.9%. The mass losses after 7 freeze-thaw cycles for V-OCMMA,
V-4CMMA, V-8CMMA, V-12CMMA, V-16CMMA, and V-20CMMA concretes were 1.7%, 1.6%, 1.5%, 1.4%,
1.6%, and 1.8%, respectively. The mass loss values for all V-grade concrete compositions did not exceed 2%, and the

1 1
condition (Table 6) was Xnin = 0.9 Xnin et Consequently, the V-grade concrete specimens passed the frost resistance

test, achieving a frost resistance grade of F200. According to the requirements of the test method [58], the frost resistance

grade F200 is assigned if the main concrete specimens withstand 5 to 7 freeze-thaw cycles, they are free of defects, the
1l 1

ratio Xmin = 0-9 Xmin ig observed and the mass loss does not exceed 2%.

For C concrete, the C-12CMMA composition exhibited the lowest loss of strength among the main specimens,
amounting to 4.8%. C concrete compositions, in which the CMMA content was 0%, 4%, 8%, 16%, and 20%, exhibited
strength losses in the main specimens ranging from 5.4% to 7.6% after 9 freeze-thaw cycles. The mass losses after 9
freeze-thaw cycles for compositions of Type C-OCMMA, C-4CMMA, C-8CMMA, C-12CMMA, C-16CMMA, and
C-20CMMA were 1.6%, 1.4%, 1.2%, 1.1%, 1.3%, and 1.4%, respectively. According to the test results, the C concretes

1l 1
demonstrated mass losses not exceeding 2%, meeting the condition for all compositions Xnin = 0.9 Xnin (Table 6).
Therefore, the C samples passed the frost-resistance test, achieving an F300 grade. The test methodology [58] stipulated
that a frost resistance grade of F300 would be given if the primary concrete samples endured 8-11 freeze-thaw cycles

1 1
while maintaining a specific ratio Ximin = 0-9 Xmin angd experiencing a mass loss of 2% or less. Among the VC concretes,

the VC-12CMMA composition exhibited the lowest compressive-strength loss (3.7%) after 11 freeze-thaw cycles. For
all other VC concrete compositions, the strength reductions ranged from 4.6% to 6.9%. The mass loss after 11 freeze-
thaw cycles for the VC-0CMMA, VC-4CMMA, VC-8CMMA, VC-12CMMA, VC-16CMMA, and VC-20CMMA
concrete mixes was 1.4%, 1.3%, 1.0%, 0.7%, 1.1%, and 1.2%, respectively. According to the test results, the VC

1l 1
concretes exhibited mass losses that did not exceed 2%, and Xmin = 0-2 Xmin this condition was met for all compositions

(Table 6). Consequently, the VC concrete specimens achieved an F300 frost resistance rating, showing that they passed
the test.

Table 6. Frost resistance calculation for Variatropic concretes with CMMA

Mixture type Am (%) X!, =09x! .,
V-0CMMA 1.7 39.9>39.6
V-4CMMA 1.6 42.7>40.4
V-8CMMA 1.5 43.3>42.2
V-12CMMA 1.4 44.4>42.8
V-16CMMA 1.6 42.3>40.3
V-20CMMA 1.8 38.2>37.9
C-0CMMA 1.6 45.5>43.4
C-4CMMA 1.4 48.7>47.8
C-8CMMA 1.2 51.5>50.0
C-12CMMA 1.1 54.1>51.3
C-16CMMA 1.3 50.4>48.6
C-20CMMA 1.4 45.5>45.3
VC-0CMMA 1.4 48.6247.2
VC4CMMA 1.3 52.9>49.6
VC-8CMMA 1.0 54.9>51.4
VC-12CMMA 0.7 56.8>53.9
VC-16CMMA 1.1 52.7>51.0
VC-20CMMA 1.2 47.1>46.8

The improved frost resistance of CMMA-modified concretes can be associated with the reduction in pore size and
pore connectivity. A denser matrix limits water ingress and reduces the internal stresses generated during freezing.
Additionally, the presence of fine particles may contribute to the formation of a more stable pore structure, thereby
mitigating damage caused by cyclic freezing and thawing. The lower strength losses observed in VC concretes further
confirm the beneficial effect of improved particle distribution and matrix integrity.

2524



Civil Engineering Journal Vol. 12, No. 06, June, 2026

The values of the coefficients of determination of the experimental dependencies for determining the frost resistance
V, C and VC concrete modified with different dosages of CMMA were: RZ = 0.9991; R? = 9178; RZ, = 0.9440. It is
important to note that this study utilized an accelerated methodology for determining the frost resistance grades V, C,
and VC concrete within a short timeframe. This methodology allows for a rapid assessment of the impact of adopted
formulation and process solutions on the frost resistance of concrete. For assessing the frost resistance of composites
planned for use in specific climate regions, it is best to use traditional methods, which utilize laboratory-reproducible
temperature regimes that most closely approximate actual operating conditions.

Thus, based on the experimental studies of V, C, and VC concretes with CMMA, the following conclusions can be
drawn:

o Compressive Strength: CMMA modification of V, C, and VC concretes at 12% provides the largest increases in
compressive strength, amounting to 10.7%, 15.8%, and 17.6%, respectively.

o Water Resistance: The water resistance grade increases. The best results were recorded with 12% CMMA. For V
concrete, the water-resistance grade increased from W8 to W10. For C concrete, the water-resistance grade
increased from W10 to W12. For VC concrete, the water resistance grade increased from W10 to W14.

o Frost Resistance: The resistance of V, C, and VC concretes to exposure to alternating freeze-thaw cycles
increases. The lowest losses in compressive strength of the base specimens after a given number of freeze-thaw
cycles were recorded for V, C, and VC concretes modified with 12% CMMA.

The existence of an optimum CMMA content (12%) can be explained by the balance between beneficial pozzolanic
and microfilling effects and the adverse dilution effect. At lower replacement levels, the additional hydration products
and improved packing density dominate, enhancing strength and durability. Beyond the optimum level, the reduction in
cement content limits the formation of primary hydration products, leading to a decline in mechanical performance.

3.3. Interpretation of the Mechanism of CMMA Action in the Cement Matrix Structure

CMMA admixture consists of finely dispersed mineral components FA, MS, and MK, which have been further
activated by mechanical milling with a powdered plasticizing additive. CMMA is a highly active pozzolan that
effectively undergoes hydration reactions and actively reacts with free Ca(OH),. CMMA particles initiate the
crystallization of calcium silicate hydroxides (CSH) and calcium aluminate hydroxides (CAH) during cement
hardening's initial phase [59, 60]. The presence of oxide systems SiO,, Al,Os, Fe,03, and CaO, which are contained in
various types of mineral components (FA, MS, and MK) and exhibit increased synergy, allows for the formation of low-
basicity calcium silicate hydroxides and aluminosilicate hydroxides through direct interaction with Portland cement
particles. Additional CSH and CAH formation leads to changes in the morphology of newly formed cement systems. A
denser, more homogeneous cement matrix with fewer capillary pores is achieved through the formation of a significant
number of new crystalline intergrowths [61]. A graphical illustration of the mechanism of CMMA action in the cement
matrix is presented in Figure 12. These effects make it possible to obtain V, C, and VC concretes with improved
compressive strength, water resistance, and frost resistance.
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Figure 12. Graphic illustration of the mechanism of CMMA action in the cement matrix structure

Compared with V concretes, C and VC concretes containing 12% CMMA exhibit larger increases in compressive
strength. The greater effectiveness of CMMA in C and VC concretes can be attributed to the centrifugal and vibro-
centrifugal compaction mechanisms. During compaction, centrifugal forces act on all raw components of the concrete
mix, including CMMA particles. Under the influence of centrifugal forces, CMMA particles migrate longitudinally
through the entire thickness of the formed annular cross-sectional element, including the filtration channels. The addition
of vibrations allows CMMA particles to migrate transversely as well. When evenly distributed within the cement matrix,
CMMA promotes the formation of CSH and CAH gels, leading to a stronger structure. Smaller CMMA particles are
also embedded between cement grains, increasing the grain packing density in the cement matrix [62-65]. Furthermore,
the number of capillary pores and structural defects (microcracks, voids, etc.) is reduced. The targeted action of
centrifugal forces, combined with vibration, allows CMMA particles to be distributed more uniformly throughout the
composite structure, thereby enhancing CMMA''s overall modifying effect.
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The optimal CMMA dosage for concrete produced using three different technologies (V, C, and VC) is 12%,
demonstrating the versatility of this indicator across various casting technologies. However, if the concrete formulation
changes, such as the cement grade, the type of coarse and fine aggregate, their ratios, and the water-cement ratio, the
optimal CMMA dosage will change.

3.4. Results of SEM and EDS Analysis of the Structure of V, C, and VC Concretes Modified with CMMA

The microstructural features of C and VC concretes modified with 12% CMMA were assessed using specimens of
V-12CMMA, C-12CMMA, and VC-12CMMA. Microstructural study findings are shown in Figures 13 to 15.
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Figure 13. V-12CMMA structure: (a) 400x; (b) 2000%; (c) 6140x; (d) multilayer EDS map; (¢) EDS
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Figure 14. C-12CMMA structure: (a) 300%; (b) 4000%; (c) 9310%(d) multilayer EDS map; (e¢) EDS

The microstructure of a vibrated concrete sample, altered with CMMA, is depicted in Figure 13. The vibrated
concrete modified with CMMA has a homogeneous cement matrix structure, which is largely due to the high pozzolanic
activity of the additive. Multiple clusters of C-S-H zones are observed. Energy-dispersive X-ray spectroscopy data
showed that the use of CMMA promotes the formation of strong and stable low-basic calcium hydrosilicates C-S-H(I)
with a Ca/Si ratio of 1.3. Photographs illustrating the microstructure of centrifuged concrete that has been modified with

CMMA are displayed in Figure 14.

Centrifuged concrete containing CMMA also has a homogeneous, well-organized cement matrix structure. Various
clusters of CSH and CAH have been noted. Energy-dispersive X-ray spectroscopy results show a Ca/Si ratio of 1.1,
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confirming the formation of strong, stable low-basicity calcium silicate hydroxides, CSH(I), resulting from CMMA
modification. Figure 15 shows images illustrating the microstructure of vibrocentrifuged concrete modified with
CMMA.
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Figure 15. VC-12CMMA structure: (a) 200%;(b) 2000%; (c) 8000x; (d) multilayer EDS map; (e¢) EDS

The cement matrix of the vibrocentrifuged composites exhibits a homogeneous, organized structure containing
multiple clusters of CSH and CAH. A Ca/Si ratio of 1.2 indicates the presence of low-basicity calcium silicate
hydroxides (CSH(I)), formed due to CMMA modification.
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Microstructural and energy-dispersive analysis of V, C, and VC concretes modified with the optimal amount of
CMMA confirms the effectiveness of this additive. Due to the pozzolanic activity of CMMA, a denser and more uniform
cement matrix structure is formed early in the composite's curing process. The pozzolanic components act as additional
crystallization sites, actively interacting with free Ca(OH): to form additional CSH and CAH. The basicity of CSH gels
also decreases, confirming the effective interaction of CMMA with cement hydration products. The matrix gains
strength and durability due to a reduction in micropores.

3.5. Discussion

A novel mineral admixture, derived from industrial waste, was developed in this research. Incorporating it into
concrete as a partial replacement for cement leads to increased composite strength and improved durability. The study's
findings align with and are validated by previous research (see Table 7).

Table 7. Effect of mineral admixtures on the properties of cement composites

Modification

Source Additive parameter Result
Ali et al. [62] MK /MS 5%/10% Compressive strength increases of 17%-23%. Concrete production costs reduced.
Malaiskien¢ & Jakubovskis [63] MK +MS 5%+5% Increased strength, decreased porosity.
Zngetal (66 FA-MSandFAMK 10200 e O etz by a et por nework and  demcr waretion one
Huang et al. [67] FA + Slag Up to 45% Concrete's resistance to corrosion by SO and CO: increases.
Xiao et al. [68] FA + MS Up to 40% Improved frost resistance and salt corrosion resistance.
Vennapusa et al. [69] MS 10% Increased strength properties, decreased porosity.

High-temperature resistance of hemp concrete increased. Compressive strength increased

Janowska-Renkas et al. [70] Ash /MK 20%/ 15% by over 20%.
Begentayev et al. [71] MS / MK 15%/10% :;;);lk;ieis;tart;z (i;;z:z::zg by 100 cycles, water absorption decreased by 30-35%, and
Tlegenov et al. [72] FA 15% Thermal conductivity of the composite decreased by 51.47%.
Kumar et al. [73] MS + Sugarcane ash Up to 15% Improved performance characteristics.
Alaj et al. [74] FA 30% Saving cement and improving the strength properties of high-strength concrete

As can be seen from the research results of other authors, the optimal ranges for modifying concrete with mineral
additives such as MS, FA, waste incineration ash, and ground granulated blast furnace slag, and their combinations, vary
from 5% to 45% inclusive, which is also confirmed by several other studies [75-77]. For this study, the optimal content
of the complex mineral modifying additive based on man-made waste, introduced in place of part of the cement, does
not exceed 20%. Experimental results clearly demonstrate that the use of CMMA significantly improves both the
mechanical and durability properties of variatropic concrete. The extent of this improvement depends on both the
CMMA content and the production technology used. The 12% optimal CMMA ratio for all production methods implies
that concrete performance is dictated by the equilibrium between favorable physicochemical influences and the dilution
of cement. The decrease in strength observed above the optimal CMMA ratio (particularly at the 20% level) can be
explained by the cement dilution effect. At high admixture rates, the reduction in cement content limits the formation of
primary hydration products and leads to an insufficient binder phase. This situation results in a decline in mechanical
performance, even if pozzolanic reactions continue. This trend has also been reported similarly in the literature.

Concrete with a variatropic structure and enhanced performance can be produced by CMMA modification, using V,
C, and VC technologies. One of the key findings of this study is that concrete produced using the centrifuge (C) and
vibro-centrifuge (VC) methods exhibits superior performance compared with the traditional vibration (V) method. This
can be explained by the different compaction mechanisms. Under centrifugal force, particles redistribute radially,
leading to the formation of a denser structure and a reduction in entrapped air. In the vibro-centrifugal method, the
addition of vibration increases particle mobility, reduces segregation, and ensures a more homogeneous distribution of
CMMA particles within the matrix. For this reason, VC concretes exhibit the highest mechanical performance and
durability. This finding demonstrates that concrete performance is determined not only by material composition but also
by interactions with production technology. CMMA is a promising, environmentally friendly additive for concrete
production. Importantly, this work proposes a method for producing CMMA as a finished product, ready for sale and
use, without any additional preparatory steps. The primary raw material for CMMA production is fly ash, a waste product
from solid fuel combustion in thermal power plants. From a logistical and spatial perspective, industrial CMMA
production is most efficiently located in a fly ash waste accumulation zone. The industrial CMMA production process
is simple and includes the following key process steps: cleaning; drying; dosing; mixing; unloading and packaging.
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Using a complex mineral modifying additive based on fly ash waste in concrete technology as a component replacing
part of the binder has several important environmental benefits. First, it solves the problem of fly ash accumulation in
ash dumps, which negatively impacts the environment. Second, it reduces the consumption of Portland cement required
for concrete production. Cement production is associated with significant greenhouse gas emissions, so its partial
replacement with CMMA will reduce the carbon footprint. All this contributes to the sustainable development of the
construction industry.

The concretes with CMMA that were vibrated, centrifuged, or vibrocentrifuged during the study have a wide range
of applications. Concrete produced using the CMMA vibration technology is applicable to the production of reinforced
concrete products such as floor slabs, columns, beams, lintels, wall blocks, and other three-dimensional reinforced
concrete elements of various configurations. Centrifugation and vibrocentrifugation technologies are also suitable for
the production of ring-section reinforced concrete products such as pipes for underground gravity pipelines, power
transmission line poles, and lighting and communication poles.

4. Conclusions

This study aimed to develop a complex mineral modifying additive (CMMA) comprising fly ash, microsilica, and
metakaolin and to examine the effects of this additive on performing variatropic concrete produced by different
production technologies. In this context, concrete samples with different CMMA ratios were produced by vibration (V),
centrifuge (C), and vibro-centrifuge (VC) methods. The compressive strength, water impermeability, and freeze—thaw
resistance of the samples were determined experimentally. In addition, the microstructural properties of the developed
composites were evaluated by SEM and EDS, and the mechanism of action of the additive in cement-based systems was
investigated. The following results can be summarized from this study:

1) A complex mineral modifying additive based on industrial waste was obtained with the following composition:
FA —70%; MS —20%; MK — 10%; C-3 — 0.3% of the final mass of the mineral component mixture. A step-by-
step description of the CMMA manufacturing process is provided.

2) The inclusion of up to 16% CMMA increases compressive strength. V, C, and VC concretes containing 12%
CMMA exhibit the highest compressive strength. Compressive strength increased by 10.7%, 15.8%, and 18.7%
for V, C, and VC concretes, respectively. CMMA exhibits high pozzolanic activity; when included at the optimal
dosage, its particles participate in hydration reactions, bind free calcium hydroxide, and promote the formation
of additional CSH and CAH gels, which subsequently increase the strength of the cement matrix.

3) The water resistance of concrete improves with the incorporation of CMMA. Composites containing 12% CMMA
demonstrated the highest air-penetration resistance among V, C, and VC concretes. Compared with the control
compositions, the air penetration resistance of modified V, C, and VC concretes increased by 35.2%, 54.1%, and
68.4%, respectively. Modified V, C, and VC concretes had water resistance grades of W10, W12, and W14.
CMMA particles fill the voids between cement grains, and the stable, low-basicity calcium silicate hydroxides
formed through pozzolanic reactions improve the structure of the cement matrix by reducing the number of
capillary pores. The modified cement matrix has a denser structure and, consequently, better water permeability.

4) The frost resistance of concrete is improved by the inclusion of CMMA. The lowest losses of compressive
strength were observed in the V, C, and VC concrete compositions containing 12% CMMA. Compared to the
control samples, the losses in compressive strength for the base samples were minimal, amounting to 5.9%, 4.8%,
and 3.7%, respectively. Concretes modified with V, C, and VC exhibited frost-resistance grades of F200 and
F300. The pozzolanic and microfilling effects of CMMA inclusion leads to a reduction in the volume of capillary
pores and, consequently, a decrease in the permeability of the cement matrix. Modifying additive particles form
additional closed pores, which reduce the pore fluid pressure in the cement matrix during alternating freeze-thaw
cycles.

5) The microstructure of the cement matrices of V, C, and VC concretes modified with a complex mineral modifying
additive exhibits some differences. The modified concretes have an organized, dense structure with a cluster of
C-S-H and C-A-H zones. The Ca/Si ratios for V, C, and VC concretes are 1.3, 1.1, and 1.2, respectively, directly
indicating the presence of low-basic calcium silicate hydroxides C-S-H(I)formed by CMMA modification.

6) Eco-friendly variatropic composites with improved performance have been obtained for use in the manufacture
of reinforced concrete products and structures for various purposes.

Although this study is limited to determining the fundamental properties of variatropic concretes containing CMMA,
it enables a more precise definition of the application areas of the resulting composites. Future plans include producing
a pilot batch of reinforced concrete products using centrifugation and vibrocentrifugation technologies and employing
concrete mixes with a complex mineral-modifying additive derived from industrial waste.
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