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ABSTRACT

This research investigates the potential of utilizing industrial technogenic waste materials as
hybrid mineral additives in the production of composite Portland cement (CPC), aiming to reduce
clinker consumption and promote environmentally friendly construction practices. The studied
materials include active ash and slag (AAS) from the Angren thermal power plant, microsilica
(MS), and processed steelmaking wastes such as ladle slag (LS), furnace slag (FS), and recycled
steel slag (RSS) from Uzmetkombinat JSC. The chemical, mineralogical, and mechanical
properties of these materials were characterized in accordance with national and international
standards. Compressive strength tests and lime absorption measurements evaluated their
pozzolanic and hydraulic activities. Experimental results demonstrated that AAS exhibited the
highest activity, capable of replacing up to 45% of clinker without compromising mechanical
strength. When combined with less active components (MS, RSS, FS, and LS), hybrid additives
showed synergistic effects. Among these, the AAS+MS blend had the most significant pozzolanic
effect, evidenced by reduced calcium oxide (CaO) concentration in the surrounding liquid and
lower solution alkalinity. The statistical validation using the Student’s t-test confirmed the
effectiveness of each additive, with t-values significantly exceeding the threshold required to
classify them as active mineral additives. The findings support the development of “green” CPCs
using hybrid additives derived from local industrial waste, offering a sustainable alternative to
traditional raw materials. These formulations can significantly reduce carbon dioxide emissions,
energy consumption, and natural resource depletion while maintaining cement performance,
thus aligning with global trends toward low-clinker and low-carbon construction materials.

Keywords: industrial waste, steel-smelting slag, microsilica, recycling, hybrid additives, green
technology, energy saving.
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Introduction

In Uzbekistan, numerous enterprises operating

However, with the adoption of scientifically
grounded and rational processing technologies,
these technogenic wastes possess significant

in the energy, metallurgical, chemical, mining, and
processing sectors generate vast quantities of
mineral-based industrial waste, much of which is
currently disposed of in landfills or open dumps,
causing serious ecological and economic concerns.

potential to serve as alternative raw materials for
various industrial applications, particularly in
construction material production [[1], [2], [3]].
Recognizing the dual necessity of
environmental  conservation and  resource
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efficiency, both global and national initiatives are
being actively pursued. In Uzbekistan, a strategic
emphasis has been placed on enhancing
environmental protection, promoting sustainable
development, rationalizing the use of natural
resources, and improving the sanitary-ecological
landscape of industrial regions [4].

Simultaneously, due to the persistent
escalation in the costs of fuel, energy, and raw
material resources, the global construction industry
is experiencing a paradigm shift towards the use of
composite Portland cements (CPCs). These cements
incorporate hybrid mineral additives—
combinations of two or more supplementary
cementitious materials (SCMs) of either natural or
anthropogenic origin—which enable a significant
reduction in Portland cement clinker content. This
approach not only conserves primary resources and
decreases production costs but also contributes to
substantial reductions in CO, emissions associated
with clinker calcination, thus mitigating the carbon
footprint of cement production [[5], [6], [7]].

Consequently, the integration of industrial
waste into CPC formulations represents a promising
direction for achieving eco-efficient construction
materials, aligned with the principles of "green"
technology and sustainable development. This
transformation necessitates comprehensive
research into the physical, chemical, and pozzolanic
properties of potential waste-derived additives to
optimize their performance in cementitious
systems.

The production of composite Portland cements
(CPC), incorporating various mineral additives,
represents a  scientifically grounded and
environmentally conscious solution to the long-
standing challenge of reducing clinker content in
cement. By replacing a portion of energy- and
carbon-intensive clinker with alternative pozzolanic
or hydraulic materials, CPCs enable a simultaneous
decrease in the consumption of natural resources
and thermal energy, while also mitigating the
substantial carbon dioxide emissions traditionally
associated with Portland cement manufacturing
processes [[8], [9], [10]].

This approach is particularly relevant in regions
where access to high-quality raw materials is
limited or where cement demand is rapidly
increasing due to large-scale infrastructure
development. In such contexts, the utilization of
locally sourced natural or industrial mineral
additives—such as ash, slag, volcanic tuff, or other
silicate-based materials—serves as a strategic
method to alleviate supply deficits and reduce

logistical costs related to raw material
transportation. The incorporation of up to three
distinct additives with varying mineralogical
compositions into a single cement formulation is
permitted by existing standards, opening avenues
for the development of hybrid binders with tailored
performance properties [[11], [12]].

However, the widespread industrial adoption of
multi-component CPCs remains constrained by
several factors. Chief among them is the lack of
comprehensive technological frameworks and
insufficient experimental data regarding the
synergistic or antagonistic effects of multiple
additives introduced simultaneously. Additionally,
geographical disparities in the availability of
suitable waste materials—such as fly ash, blast
furnace slag, and clay—further hinder consistent
production. Cost barriers, particularly associated
with high-performance additives like microsilica,
also limit large-scale implementation.

Forecasts by the International Energy Agency
anticipate a steady increase in the global share of
CPCs, with permissible additive content projected
to rise to 40% or more by 2100. This shift is
expected to significantly elevate the demand for
supplementary cementitious materials.
Nevertheless, current reserves of widely used
additives are insufficient to satisfy this anticipated
growth, prompting the urgent need for targeted
research aimed at identifying, characterizing, and
processing new sources of mineral additives.

Such research must focus not only on the
geochemical and physical properties of potential
raw materials but also on their environmental
compatibility, long-term durability, and economic
feasibility. In this context, the valorization of
underutilized or untapped local resources—such as
technogenic by-products, silicate rocks, and
industrial residues—will be crucial for establishing a
sustainable, low-carbon cement industry capable of
meeting future global construction demands.

In this context, the comprehensive
investigation of the technological properties,
chemical compositions, and potential applications
of mineral technogenic raw materials derived from
various industrial processing sectors becomes
critically important. As industrial production
continues to expand globally, the generation and
accumulation of technogenic by-products—such as
slags, ashes, industrial dusts, and other waste
materials—grow proportionally. These secondary
raw materials represent an increasingly valuable
resource pool that can significantly supplement
traditional natural mineral sources, which are often
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limited in availability or subject to depletion [13].
Understanding their physical, chemical, and
mineralogical characteristics is essential to optimize
their incorporation into cementitious systems,
ensuring that these additives not only enhance
material performance but also comply with
environmental and health safety standards [[14],
[15]].

Furthermore, the strategic utilization of
synthetic mineral raw materials addresses multiple
pressing challenges faced by the cement industry
and broader environmental management goals.
The deployment of these materials promotes a
“clean” climate by reducing the carbon footprint
associated with clinker production and by enabling
the recycling of industrial waste that would
otherwise contribute to environmental pollution
[16]. This approach also safeguards the health and
safety of populations living in proximity to heavy
industrial zones by mitigating the uncontrolled
release of hazardous substances and dust emissions
[17]. Additionally, it plays a vital role in preserving
biodiversity, as the extraction pressure on natural
mineral deposits is alleviated, reducing habitat
destruction and ecological imbalance [18].

From an applied research perspective,
evaluating the feasibility and effectiveness of
energy and metallurgical waste as supplementary
cementitious  materials  requires  systematic
experimental work and techno-economic analysis
[19]. Such studies encompass the optimization of
processing techniques to improve reactivity, assess
durability under various environmental conditions,
and evaluate long-term stability in concrete
composites [20]. Alongside this, it is necessary to
develop specific guidelines and recommendations
for industrial-scale implementation that consider
local resource availability, regulatory frameworks,
and sustainability metrics.

Ultimately, these efforts culminate in the
formulation of novel “green” composite cement
products that align with global climate targets and
sustainable development goals. Numerous studies
confirm that the integration of diverse mineral
additives and synthetic raw materials fosters the
development of durable, eco-friendly building
materials capable of meeting modern infrastructure
demands while minimizing ecological impact [[21],
[22], [23], [24], [25], [26]].

Experimental part

The study objects comprised Portland cement
clinker sourced from Bekabadcement JSC, gypsum

stone from the Bukhara deposit, and the proposed
additives including active ash slag (AAS) from the
Angren TPP dry removal, microsilica (MS),
processed steel slag (PS), ladle slag (LS), and
furnace slag (FS) produced by Uzmetkombinat JSC.
The chemical and mineralogical compositions of the
raw materials were determined according to GOST
5382, with hydraulic activity assessed in accordance
with GOST 310.4. This involved processing to derive
the calculated value of the Student's criterion as
per GOST 25094. To evaluate the suitability of raw
materials as cement additives, their compressive
strength must be assessed in comparison to the
strength of standard sand mixed with cement; this
necessitates subsequent statistical processing of
the obtained data and calculation of the Student's
criterion in alignment with the GOST 25094
methodology. The results were evaluated following
0O'z DSt 901 and GOST 31108 - 20. The suitability of
ash and slag was determined according to national
standard O'z DSt 2912:2014 “Ash and slag mixtures
for the production of Portland cement clinker and
Portland cement. Technical conditions". The
pozzolanic activity of the additives was quantified
by measuring the volume of lime absorbed, along
with the degree of alkalinity of the liquid phase in
contact with the cement samples containing hybrid
additives.

Physical and mechanical testing of samples.

Grinding the mixtures in a laboratory ball mill
to fineness according to the residue on sieve No.
008. A mixture of test clinker with different ratios
additives and clinker with standard sand was
prepared using a mixer machine Matest E093 for 1
minute. The mixture was trowel-mixed for another
4 minutes to ensure uniformity in the cement
mortar. The resulting slurry was then transferred
into a three-pong mold, measuring 40x40x160 mm
for compressive strength tests and 20x20x20 mm
for definition of hydraulic activity. The molds were
clamped onto a vibrating machine, Matest for 2
minutes to compact the mortar.

To safeguard against moisture loss caused by
evaporation, a polythene sheet that was
impermeable and flat was used to cover the prisms.
These prisms were then placed in a temperature-
controlled room with relative humidity exceeding
90% for 24 hours+30 minutes, after which they
were demolded and air-cured for 28 days. Potable
water was used as the mixing liquid, and they were
cured in water for 28 days.

Following grinding of the mixtures in a
laboratory ball mill to achieve a residue fineness on
sieve No. 008, six prism samples were created from
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each mortar mixture and subjected to compressive
strength testing subsequent to maturation and
steaming, as outlined in GOST 310.4-81 "Cements.
Methods for Determining Bending and Compressive
Strength." The efficacy of the additive under
investigation was ascertained by statistically
evaluating the significance of strength disparities
between samples containing MS and those
containing sand.

Based on the compressive strength data, the
Student's criterion (t-criterion) was calculated, and
the computed t-criterion value was juxtaposed with
the standard threshold of t = 2.07 in accordance
with O'z DSt 901-98 and t = 15 per GOST 31108-20.
A t value surpassing these benchmarks indicates
that the additive has successfully met the strength
activity assessment. The calculation for the
mixtures consisted of:

1 - Xiad — clinker + MS additive

2 - His — clinker + sand

Results and Discussion

The results of the chemical analyses conducted
on Portland cement clinker, gypsum stone, and the
industrial waste materials under study are
presented in Table 1. Utilizing the chemical
composition data, the mineralogical makeup and
modular parameters of the clinker—including the
saturation factor (K), and the lime (n) and silica (p)
ratios—were calculated. These calculated indices
confirm that the Portland cement clinker conforms
fully to the specifications outlined in the National
Standard O’z DSt 2801:2013, which governs clinker
quality requirements for the production of general-
purpose construction cements.

The combined content of gypsum and
anhydrite identifies the gypsum stone extracted
from the Bukhara deposit as a Grade 3 gypsum,
indicating its suitability as a setting time regulator
in Portland cement formulations. According to its
chemical characteristics, the ash and slag mixture
(AAS) is classified as acidic ash and slag with a low
content of combustible substances, as evidenced by
the measured loss on ignition values. Moreover, its
chemical composition meets the criteria specified
in the O’z DSt 2912:2014 standard for ash and slag
mixtures used in the manufacturing of Portland
cement clinker and Portland cement.

To thoroughly assess the potential of these raw
materials as cement additives, their compressive
strength must be evaluated relative to the strength
of a control mixture containing standard sand and
cement. This necessitates further statistical analysis
of the experimental data, including the calculation
of Student’s t-test to determine the significance of
the observed differences. To illustrate this
evaluation approach, specific experiments were
performed to determine the Student’s t-value for
microsilica. Two types of mixtures were prepared
for testing:

A blend of 600 grams of Portland cement
clinker, 1400 grams of microsilica additive, and 100
grams of gypsum stone expressed chemically as
CaSO42H20,

A control blend of 600 grams of Portland
cement clinker, 1400 grams of standard sand, and
100 grams of gypsum stone (CaS04:2H,0).

This comparative analysis enables a clear
determination of the effect of the microsilica
additive on the mechanical properties of the
cement composite.

Table 1 - Chemical compositions of Portland cement clinker and gypsum stone

Name of materials Content of mass fraction of oxides, %
loss on SiO2 Al203 Fe203 Cao MgO SO3 others
ignition
Clinker JSC 0.36 21.30 4.75 4.86 63.68 3.07 0.43 2.55
"Bekabadcement"
Gypsum stone 400°C 2.11 0.49 0.15 31.08 3.79 38.09 10.7
13.60
Ladle slag 1.49 35.93 7.56 2.79 33.06 6.04 0.78 12.35
Recycled steel slag 3.0 62.02 23.55 4.32 3.0 - 1.28 0.80
Furnace slag - 31.34 9.57 20.78 15.97 4.23 1.19 16.92
Microsilica 2.79 90.84 1.51 1.59 0.56 1.00 0.23 1.48
Active ash and slag 3.0 62.02 23.55 4.32 3.0 - 1.28 0.8

—— 7y ——
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Table 2 - Arithmetic mean values of compressive strength and their standard deviations

Ne samples Xiad Xiad — Xiad (Xiad — Xiad)? Xis Xis — Xs (Xis — Xs)?
1 9.2 0.3 0.09 6.4 0.13 0.0169
2 9.2 0.3 0.09 6.4 0.13 0.0169
3 10.0 -0.5 0.25 6.2 0.33 0.1089
4 9.0 0.5 0.25 7.6 -1.07 1.1449
5 9.6 -0.1 0.01 6.2 0.33 0.1089
6 9.2 0.3 0.09 6.4 0.13 0.0169
7 9.0 0.5 0.25 6.2 0.33 0.1089
8 10.2 -0.7 0.49 7.6 -1.07 1.1449
9 10.4 -0.9 0.81 6.2 0.33 0.1089
10 9.0 50.1 0.25 6.4 0.13 0.0169
11 9.2 0.3 0.09 6.4 0.13 0.0169
12 10.4 -0.9 0.81 6.4 0.13 0.0169
12 114 3.48 78.4 2.83
> 9.50 6.53

i=1
X average

The experimental results of prism specimens,
systematically prepared from two comparative
mixtures designated as Composition No. 1 and
Composition No. 2, are rigorously compiled and
detailed in Table 2. These data form the basis for
subsequent quantitative analysis and statistical
evaluation.

The table provides detailed measurements for
each sample, including individual compressive
strength values (Xi), deviations from the mean,
squared deviations, and calculated statistical
parameters for both mixtures.

Based on the data presented in Table 2, the
arithmetic mean compressive strength values and
their standard deviations were calculated as
follows:

Student's t-Test Calculation

¢ For mixture No. 1 (Xi_ad):

— 114 4+ 348
Xad :F:9'50 MPa; ;d=T:0-316;

Saa=v 0.316=0.562

¢ For mixture No. 2 (Xi_s):

%o =2 = 6.53 MPa; S2=—— = 0.257; S.=
12 11
J0.257 = 0.507

Where X,¢ and X; denote the mean ultimate
compressive strength values of samples from
compositions 1 and 2, respectively.

Before proceeding with hypothesis testing, the
following conditions were verified to ensure the
validity of the Student’s t-test:

1. The similarity of standard deviations:
Sad = S < 2.0 MPa = 0.562 = 0.507 < 2.0 MPa

2. The ratio of variances meets the required
threshold:

Sig 0316

52 0257

=1.23<2.82

Since both conditions were satisfied, the Student’s
t-test was computed using the formula:

Kpd—X, 5.50—6.53
t =245 X = "2—=245X = ———=
(52 +55 |mEre+0.257
L Ll z
.97

245 % —=13.47
0.54

The calculated t-value of 13.47 significantly
exceeds the critical value of 2.07 stipulated by the
O’z DSt 901 standard. This clearly indicates that
microsilica (MS) functions as an active mineral
additive, validating its recommendation for use as
such in cement formulations.

Applying this same statistical methodology, the
activity and suitability of other technogenic waste
materials were evaluated. The resulting Student’s t-
test values were:

e Active ash and slag (AASh): 52.92

e Recycled steel slag (RSS): 11.14 for the
fraction 0-5 mm, and 2.19 for the fraction 5-50
mm

e Ladle slag (LS): 5.00
e Furnace slag (PS): 4.48
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Based on the descending order of the Student’s
t-values, the additives can be ranked in terms of
their mineral activity and potential effectiveness as
follows:

Active ash and slag - Microsilica - Recycled
steel slag - Ladle slag - Furnace slag

This ranking provides a clear hierarchy of
mineral additive activity, supporting targeted
selection for optimized cementitious composite
production.

Previous investigations conducted at the
"Strom" Scientific Laboratory and Testing Center of
the Institute of General and Inorganic Chemistry
under the Academy of Sciences of the Republic of
Uzbekistan have demonstrated that the
incorporation of processed steel slag (RSS) and
microsilica (MS) in quantities exceeding 15% tends
to reduce the compressive strength of Portland
cement. Conversely, activated ash and slag (AASh),
due to its pronounced pozzolanic reactivity, has
shown potential to substitute up to 45% of clinker
in cement formulations without compromising
mechanical performance.

Based on these findings, a new approach was
adopted to design hybrid mineral additives in which
AASh serves as the principal active component,
while other less reactive materials, such as MS, RSS,
furnace slag (FS), and ladle slag (LS), function as
supplementary components. In the developed

compositions, the proportion of AASh was
systematically varied from 15% to 35%, while the
content of the passive components remained fixed
at 10% (Table 3).

The pozzolanic activity of these newly
developed hybrid additives was evaluated using the
liquid phase saturation method. In this procedure,
composite Portland cement samples containing
different types and quantities of hybrid additives
were immersed in a controlled liquid medium, and
the degree of CaO (lime) absorption was measured
over a period of 30 days [23]. This method is
grounded in the principle that reactive mineral
additives can bind with free lime (CaO) released
during the hydration of clinker phases, thereby
reducing the lime concentration in the surrounding
liquid and indicating higher pozzolanic activity.

According to the data in Table 5, samples of
standard Portland cement without any additives
(PC-AdO) released approximately 5.4% CaO into the
liquid phase within 30 days, and the total alkalinity
of the solution reached 58.8 meg/L. In comparison,
the liquid containing composite cement samples
with a hybrid additive comprising 15% AASh and
10% RSS exhibited a reduced CaO concentration of
4.2%, implying that approximately 1.2% of the
released CaO was absorbed by the additives. The
corresponding total alkalinity also declined to 56.0
meq/L, 2.8 meg/L lower than that of the control.

Table 3 - Hydraulic activity of additives determined by the degree of lime saturation of the liquid phase in contact with

cement
Ne Component ratio, mass. % CaO0 content in Total alkalinity of
Clinker active ash and recycled steel gypsum liquid, % solution, meq L
slag slag stone
1 95 - - - 5.4 58.8
2 70 15 10 5 4.2 56
3 60 25 10 5 2.22 48
4 50 35 10 5 0.72 32.4
Clinker active ash and furnace slag gypsum
slag stone
5 70 15 10 5 4.68 56.4
6 60 25 10 5 2.64 48.8
7 50 35 10 5 1.38 40
Clinker active ash and ladle slag gypsum
slag stone
8 70 15 10 5 3.9 61.6
9 60 25 10 5 2.58 55.2
10 50 35 10 5 0.84 41.2
Clinker active ash and microsilica gypsum
slag stone
11 70 15 10 5 0.78 20
12 60 25 10 5 0.72 35.2
13 50 35 10 5 0.36 23.2
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Figure 1 - Pozzolanic activity of additives “active ash and
slag + recycled steel slag” in the composite Portland
cement: A- lime solubility isotherm at 40°; B- alkalinity,
which accounts for all components except lime.

Content of CaO in cement mortar with an
additive:

1-PC-AdO, 2-HAd25 %, 3- HAd 35 %, 4- HAd 45 %.

Further increasing the proportion of AASh to
25% and 35% significantly enhanced the lime-
binding capacity of the hybrid additives. In these
cases, the CaO concentrations in the liquid phase
dropped to 2.22% and 0.72%, respectively,
equating to CaO absorptions of 2.98% and 4.68%.
Simultaneously, the total alkalinity of the liquid
phase decreased to 48.0 meg/L and 32.4 meq/L,
respectively. These trends clearly underscore the
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high pozzolanic reactivity of the AASh + RSS hybrid
system, wherein increasing the proportion of AASh
at a constant 10% RSS content directly enhances
lime fixation and reduces alkalinity in the liquid
phase (Figure 1).

Hybrid additives of the composition “active ash
and slag + furnace slag” and “active ash and slag +
ladle slag” are characterized by almost the same
absorbing ability, the activity of which also
increases with increasing content of active ash and
slag from 15 % to 35 % - the CaO content in the
liguid phase with these hybrid additives is (4.68 -
1.38) % and (3.9 -0.84) %, and the total alkalinity of
the liquid phase is (1.38 - 40.0) meq L' and (61.6 -
41.2) meq L%, respectively (Figure 2).

Legend:
1 — PC-AdO (reference Portland cement without
additives);

2 — PC-HAd25 (composite cement with 25%
hybrid additive);

3 — PC-HAd35 (composite cement with 35%
hybrid additive);

4 — PC-HAd45 (composite cement with 45%
hybrid additive).

(a) — lIsothermal solubility curves of calcium
hydroxide at 40 °C;

(b) — Alkalinity of the liquid phase contributed
by all components excluding free lime (Ca0).

B A

-
o
1
™

Ca0 content, mmol

EFNWARUONOWO
o

10

1
5 10 20 30 40 50 60 70 80
Solution of alkalinity, meq i°

Figure 2 - Pozzolanic activity of hybrid additives comprising “activated ash and slag (AASh) + furnace slag (FS)” (a) and
“activated ash and slag (AASh) + ladle slag (LS)” (b) in composite Portland cement systems.
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Ca0 content in cement mortar

containing hybrid additives:

samples

1 - PC-AdO;

5 — HAd25%;

6 — HAd35%;

7 — HAd45% (for both subfigures a and b).

The experimental findings indicate that the
highest pozzolanic activity among the studied
hybrid additives is exhibited by the composition
based on activated ash and slag (AASh) combined
with microsilica (MS). Already at a dosage of 15
wt% AASh and 10 wt% MS, a substantial decrease
in the concentration of calcium oxide (CaO) in the
liguid phase was observed — 0.78%, which is 4.62%
less than the CaO concentration in the solution
where control samples of additive-free Portland
cement (PC-AdO) were stored. This reduction
confirms the effective lime-binding capacity of the
hybrid additive system.

Moreover, the total alkalinity of the solution
decreased sharply to 20 meg/L, which is more than
3.5 times lower than the alkalinity value observed
for the solution containing PC400-Ad0 samples.
This pronounced drop in alkalinity suggests not only
efficient lime immobilization but also an
intensification of pozzolanic reactions in the
cementitious environment.

As the dosage of AASh was increased to 25 wt%
and 35 wt% (with MS content held constant at 10
wt%), the CaO concentration in the liquid phase
further declined to 0.72% and 0.36%, respectively.
These results underscore the synergetic effect of
ultrafine MS in enhancing the pozzolanic efficiency
and reactivity of the hybrid system. The high
specific surface area and amorphous structure of
MS contribute to the increased rate of calcium
hydroxide fixation, thereby promoting the
formation of additional calcium silicate hydrate (C—
S—H) phases.

Despite the reduction in free CaO, a slight
increase in total alkalinity was recorded for systems
containing higher AASh content. This phenomenon
can be attributed to the accelerated hydration
kinetics of clinker minerals—primarily tricalcium
silicate (CsS) and dicalcium silicate (C,S)—facilitated
by the reactive environment generated by MS. The
intensified dissolution of these phases leads to a
higher release of Ca?* ions into the pore solution,
thereby increasing its ionic strength and pH.

The cumulative findings affirm that all
investigated hybrid additive formulations
demonstrate considerable pozzolanic potential and

meet the performance benchmarks for mineral
additives in blended cement systems. According to
the technical classification system outlined in GOST
24640-91 “Additives for cements. Classification”,
the developed hybrid additives fall under the
category of active mineral  admixtures,
simultaneously exhibiting both hydraulic and
pozzolanic properties. Their multifunctional nature
makes them promising candidates for sustainable
cement formulations aimed at reducing clinker
content and enhancing durability characteristics of
the final composite.
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Figure 3 - Pozzolanic activity of hybrid additives based
on "active ash and slag + microsilica (MS)" in composite
Portland cement

A —Isotherm of lime (Ca0O) solubility at 40 °C;

B — Total alkalinity of the liquid phase,
excluding the contribution of lime.

Legend (for both graphs):

1 - PC-AdO (reference cement without
additives);

5 — Cement with 25% active ash and slag + 10%
MS (HAd25);

6 — Cement with 35% active ash and slag + 10%
MS (HAd35);

7 — Cement with 45% active ash and slag + 10%
MS (HAd45).

Conclusions

The research has convincingly demonstrated
that the modification of technogenic steelmaking
by-products, particularly ladle slag and furnace slag,
with ash and slag waste generated by thermal
power plants, enables the development of hybrid
mineral additives possessing enhanced hydraulic
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and pozzolanic activity. These hybrid additives
make it possible to produce composite Portland
cements whose mechanical strength is comparable
to, or even exceeds, that of reference Portland
cement grade PC400-AdO, despite containing a
significantly reduced proportion of clinker.

The active ash and slag (AASh) component—
characterized by high reactivity—plays a pivotal
role in the early stages of hydration. By intensively
binding calcium hydroxide [Ca(OH),] from the pore
solution, it accelerates the formation of calcium
hydrosulfoaluminates, thereby contributing to the
early strength gain of the cementitious matrix.
Meanwhile, the more inert components of the
hybrid additives, such as microsilica (MS),
processed ladle slag (LS), and furnace slag (FS),
continue to react over time, promoting the
formation of secondary calcium silicate hydrates
(C-S—-H). These hydrates fill capillary pores,
enhance  microstructural  densification, and
contribute to the long-term strength and durability
of the cement composite.

Comprehensive control testing of large-scale
batches containing the optimal hybrid additive
compositions was conducted at JSC
Akhangarancement and JSC Bekabadcement. The
results of these industrial-scale trials unequivocally
confirmed the feasibility and effectiveness of
replacing 25% to 45% of Portland cement clinker
with the developed "green" hybrid additives. The
resulting composite Portland cements reliably
achieved strength classes of 400 to 500, in full

compliance with regulatory standards and
performance requirements.

These findings affirm the technological and
environmental viability of the proposed hybrid
systems and their potential for widespread

application in sustainable cement manufacturing.
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TexHonoruAanapblH

Byn 3eptrey KomnosuumsanbiK noptnaHauemeHT (KML) eHaipiciHoe eHepKacinTik TexHoreHaj
KanablkTapapl rmMbpuaTi MUHepanablk Kocnanap peTiHAe naiganaHy MyMKIHAirH 3epTTeigi.
3epTTeyaiH, 6acTbl MakcaTbl — KAWHKEP TYTbIHYbIH a3aiiTy »KHe 3KONOrMANbIK Tasa KypblibiC
inrepinety.
CTAHUMACbIHAH anbliHFaH 6enceHai kKyn meH Kox (BKK), muKpokpemHesem (MK), coHpalt-ak,
«B3meTkoMbMHaT» AK-HbiH, 6onaT eHAjipici Kanabiktapbl — KoBW KoKbl (KK), nmew koxbi (MK)
JKOHe KalTa eHgenreH 6onat Koxbl (KBK) KaTagbl. ATanfaH matepuangapabiH, XMMUAbIK,
MWHEPANOTUANDIK YKOHE MeXaHWKa/blK KacueTTepi YATTbIK YKoHe XalblKapasblK CTaHAapTTapfa

KapacTbipblifaH  maTepuangapFa AHIPEH Kby  3N1EeKTp
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calikec cunatTangbl. OnapablH, MNyLLONaHAbIK KaHe rMapasavKanblk 6GenceHainiri KbicbimFa
TO3IMAINIK CbIHAKTapbl KaHe oKTiH, CiHipinyiH enwey apKblibl 6afanaHapl. IKCNEPUMEHTTIK
HaTuxkenep BEKK-HbIH, BenceHainiri eH KoFapbl eKeHiH KepceTTi: 0N KAnHKepaiH, 45%-fa peliHri
MeALWepiH MexaHUKanblK BepikTikke Kepi acep eTnei anmacTbipa anagbl. benceHainiri TemeH
matepuangapmeH (MK, KBK, MK kaHe KK) 6ipre KongaHbinfaHga rmbpuari Kocnanap
CUHepreTUKanblk acep KepceTTi. Atan ailTkaHaa, BKK meH MK Kocnacbl eH, »Kofapbl
nyuuonaHablk, 6enceHAinik TaHbITTbl: ON KOpLIafaH CyMbIKTbIKTafbl Kanbuuii okcuai (CaO)
KOHLEHTPALMACbIHbIH, TOMEHAEeYIMEH »KdHe epiTiHAi cinTiniriHiH ~ a3alobiMeH pacTangbl.
CTbIOZEHTTIH, t-e/emwapTbl apKblabl XKYPri3ireH CTaTUCTUKaNbIK Tekcepy apbip KocnaHbiH,
TUIMAINITiIH  ganengeai: anviHFaH t-mafblHanap onapAblH, 6enceHai mMuHepanablk Kocnanap
peTiHAe XiKTenyiHe KaXeTTi LWeKTIK MaHAepAeH enayip acbin TycTi. 3epTrey Hatuxenepi
JKEPriNiKTi ©eHepKacinTiK KanablKkTap Herisivge rmbpuari kocnanap apkpiabl «kacbin»  KML,
JKacayablH, MYMKIHAIMH Konganabl. MyHAaW Kypamaap KOMIpKbILWKbIA rasbl WbIFAPbIHABINAPbIH,
3HEpPrua TYTbIHYAbl XaHe Tabwfu pecypcTapapblH, CapKblAyblH alTapAbiKTail asaiTa oTbipbin,
LEeMeHTTiH, naiganaHy KabineTiH cakTan Kanagbl. Byn Tacin TemeH KAWHKep/i aHe TemeH
KOMIPTEKTi KypbINbIC MaTepuangapbiHa KoLy KeHiHAEr KahaHAbIK ypAicTepre TONbIK CaliKec
Keneai.

TyliiH ce3dep: eHepKacCiNTiK KanaplkTap, 60naT 6anKbITywbl KOX, MUKPOKpEMHe3em, KalTa
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AHHOTALMA

B [aHHOM WcCneaoBaHUM  PAcCMaTPUMBAETCA BO3MOXKHOCTb  MCMO/Ib30BAHMA TEXHOFEHHbIX
NPOMbILWNEHHBIX OTXOA0B B KayecTBe MMOpUAHbIX MUHepanbHbIX A06aBOK Mpu NpousBoacTBe
KOMMO3MLMOHHOrO nopTaaHauemenTa (KMLU) ¢ Uenblo CHWXeHUA pacxoda KauHKepa MU
NPOABUMKEHNA IKONOTUYECKM 6e30MacHbIX CTPOUTENIbHBIX TEXHONOTUIA. M3yyeHHble maTepuasnbl
BK/IOYAIOT aKTUBHYIO 301y M Wnak (A3LL) ¢ AHrpeHCKoW Tena031eKTPOCTaHLMK, MUKPOCUANKY
(MukpokpemHesem) (MC), a TakKe nepepaboTaHHble OTXOAbl  METa/lypPruiyeckoro
NPOM3BOACTBA, TakMe Kak Koslwesol wnak (KW), neyHoi wnak (M) v nepepaboTaHHbIN
cTanennasunbHbli wnak (MCLW) ot AO "YameTKOMBUHAT". XMMUYECKME, MUHEPANOrMyeckme u
MeXaHMYecKue CBOWCTBA 3TUX MaTepuanoB Obiiv OXapaKTepu3oBaHbl B COOTBETCTBUM C
HaLUMOHANbHLIMU U MEXAYHapoAHbIMM CTaHAapTamu. [lyulonaHoBas W ruapasanyeckas
aKTUBHOCTb OLEHWBAANCb METOAOM WCMbITaHWUA HA MPOYHOCTb MPU CHKATUM U U3MEepeHUeM
NOrNOWEHNA W3BECTU. DKCMEpPUMEHTaNbHble pe3ynbTaTbl Mokasanu, uyto A3l obnapaer
HauBbICLLUEW aKTUBHOCTbIO U CNOCOBEH 3ameHATb [0 45% KAnHKepa 6e3 yXyALeHUA MPOYHOCTHbIX
XapaKTepuUCTUK. B coyeTaHUM C mMeHee aKTUBHbIMM KomnoHeHTamu (MC, MCC, MW wu KL)
rmbpugHble [06aBKM NPOABAAIOT CUHepreTuyecknuin addekt. Cpean Hux cmecb A3LL+MC
nokasana HanbonblMiA NyLLONAHOBbIN 3PPEKT, UTO BbIPAXKAETCA B CHUMKEHUWU KOHLLEHTpaLum
okcnaa Kanbuma (CaO) B OKpyKaloWen KUAKOCTU U MOHUMKEHHOM LWEeNOYHOCTU pacTBopa.
CTaTUCTMYECKaA NpoBepKa C WCMosib3oBaHMem t-kputepua CTblogeHTa  noAaTBepaAvna
3$PEKTUBHOCTL KaKAol A06aBKM, MOCKONbKY 3HAYeHWA t 3HAYMTENbHO NPEeBbIWANN Nopor,
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HEOGXO,D,MMbIVI Aana Knaccmcbmxau,ww UX KaK aKTUBHbIX MWUHeEpPa/ZibHbIX ,D,OﬁaBOK. MonyyeHHble
pe3ynbtaTbl NOATBEPXHKAAOT BO3MOXKHOCTb pa3pa60TKV| «3eneHoro» KLU, ¢ ncnonb3osaHuem
I'MﬁpVI,CI,HbIX ,D,OGaBOK Ha OCHOBE MECTHbIX MPOMbIWNEHHbIX O0TX0A40B, npeanarasn yCTOVIHMByIO
aNbTepHaTMBY TPAAMUMOHHbLIM CbipbeBbIM MaTepuanam. Takume coCTaBbl MOFYT CyLL,eCTBEHHO
CHU3UTb BbIGpOCbI YrnekKucnoro rasa, n0Tpe6neHMe SHeprun n UctoueHne NPMPOAHbIX pecypcos
npu  COXpPaHEHUU 3SKCNAyaTaUUOHHbIX CBOWCTB LuemeHTa, 4TO COoOoTBeTCTBYyeT rno6anbHbIM
TeHAEHUMAM K HU3KOK/IMHKEPHbIM U HU3KOYT1epOAHbIM CTPOUTE/IbHbIM MaTepuaiam.

Kntodeebie €n108a: NPOMbILLNEHHbIE OTXOAbl, CTafeniaBuAbHbIA WK, MUKPOCWUMKA,
nepepaboTka, rbpuaHbie J06aBKK, 3eNEHbIE TEXHONOMMU, SHeprocbepexkeHne.
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