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ABSTRACT

In the face of growing environmental and energy challenges, the cement industry is shifting
towards the use of composite Portland cements containing hybrid mineral additives to reduce
clinker consumption and CO, emissions. This study investigates the pozzolanic activity and
hydration behavior of thermally activated aluminosilicate additives (TAFM), quartz-feldspar sand,
apobasalt-orthoshale (APO), and limestone. The chemical composition and calcium oxide binding
capacity of each component were examined using the lime saturation method. Results showed
that TAFM exhibits the highest pozzolanic reactivity, significantly binding free lime (Ca0O), followed
by APO and limestone. Composite cement mixtures were formulated according to GOST 31108—-
2020 standards, incorporating 20% hybrid additives. Mechanical tests revealed that such
compositions improve long-term compressive and flexural strength, early setting times, and
structural density. In particular, the combination of TAFM, APO, and limestone showed synergistic
effects in enhancing hydration kinetics and final performance. The findings support the feasibility
of using local mineral resources as effective components in sustainable cement production and
highlight the benefits of hybrid additives in reducing clinker demand while improving mechanical
and durability characteristics of cementitious composites.
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Introduction

At present, the global construction materials
industry faces the urgent challenge of developing
and implementing new-generation materials. Key
priorities in this domain include environmental
protection, rational use of natural resources,
reduction of production costs, and the adoption of
energy-efficient technologies — all of which have

become central components of modern scientific
and technical policy. Among various industries,
cement production is recognised as one of the
leading contributors to carbon dioxide (CO,)
emissions, making the mitigation of its
environmental impact a critical issue.

According to international research, the
production of one ton of Portland cement releases
on average 0.8 to 1 ton of CO; into the atmosphere,
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which accounts for approximately 7-8% of total
global greenhouse gas emissions. As a result, the
production and use of composite Portland cements
— aimed at reducing CO, emissions, minimizing raw
material and fuel consumption, and improving
energy efficiency — has significantly increased
worldwide [[1], [2], [3], [4]].

Composite Portland cements are a new
generation of binders that offer notable
environmental and economic advantages over
conventional Portland cement. These binders
incorporate two or more types of active mineral
additives, which partially replace clinker in the
composition. This not only reduces thermal energy
consumption during production but also enhances
resource efficiency and ecological safety.

Consequently, the use of composite cements
contributes not only to environmental sustainability
but also to improving the quality, durability, and
long-term performance of construction materials.
For this reason, the industrial-scale application of
such cements, the careful selection of their mineral
additives, and the detailed study of their hydration
behavior have become key areas of research in
modern cement chemistry.

Composite Portland cements are regulated
under GOST 31108-2003, which defines the
permissible types and proportions of mineral
additives, as well as performance indicators and
technical requirements [5]. Based on this regulatory
framework, cement compositions may include a
variety of active natural or technogenic mineral
additives, such as volcanic rocks, pozzolans,
industrial by-products, limestone, and sand-stone
mixtures.

Numerous scientific sources have noted that
such mineral additives actively influence the cement
hydration process by accelerating the onset of
hydration, modifying the reaction depth, and
determining the types of hydration products that are
formed [[6], [7], [8], [9], [10]]. As a result, denser
phases develop within the microstructure of the
cement paste, thereby enhancing its compressive
strength, impermeability, frost resistance, and
durability  under  aggressive  environmental
conditions. In addition, these additives reduce the
tendency of concrete mixtures to segregate, lower
heat generation, minimize shrinkage-induced
deformations, and contribute to the overall
structural stability and mechanical strength of the
hardened material.

Nevertheless, in practice, many large-scale
cement manufacturers remain cautious about
implementing such composite products at the

industrial level. The primary reason for this
hesitance lies in the insufficient understanding of
the combined mechanisms of action when multiple
active mineral additives are used together. Most
scientific studies focus on the individual chemical
reactivity or hydraulic behavior of single additives.
However, when used in combination, these
additives may interact synergistically,
antagonistically, or neutrally — and there remains a
lack of experimental data supporting these complex
interrelations [11].

This scientific uncertainty introduces increased
risks related to quality assurance, standardization,
and technological consistency. Therefore, before
introducing composite cement products into
industrial-scale production, it is essential to conduct
detailed experimental investigations into the mutual
interactions between additives, phase
transformations, and the mineralogical structure of
the resulting hydration products.

Among the most widely used additives in
practice are aluminosilicate-based  mineral
components, such as natural pozzolans, metakaolin,
fly ash from thermal power plants (TPPC), thermally
activated clays, and other silicate—aluminate-rich
materials. These additives significantly influence the
hydration kinetics of Portland cement. The reactive
silicon dioxide (SiO,) and aluminum oxide (Al,Os) in
their composition engage in secondary pozzolanic
reactions with the free calcium hydroxide (Ca(OH),)
released during cement hydration, resulting in the
formation of calcium silicate hydrates (CSH) and
calcium aluminate silicate hydrates (CASH) [[12],
[13], [14], [15], [16], [17]]. These secondary
reactions contribute to the development of a dense
and durable microstructure in the hardened cement
paste, which plays a critical role in long-term
performance and durability [18].

This process not only reduces the porosity of the
cement stone but also improves its resistance to
mechanical stress, water penetration, and freeze—
thaw cycles. In addition, such mineral additives
enhance the long-term durability of concrete by
reducing microcracking and increasing resistance to
sulfates and other chemically aggressive agents.

Moreover, recent studies have shown that
carbonate-based additives — particularly finely
ground and activated forms of limestone, dolomite,
and other calcium carbonate materials — can
significantly improve several key physical,
mechanical, and technological properties of cement-
based composites when incorporated into the
cement matrix [[19], [20]]. These additives help
mitigate segregation and bleeding in concrete
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mixtures, leading to greater homogeneity and
stability within the fresh mix.

Carbonate additives also improve the water-
retaining capacity of concrete, thereby enhancing its
workability and finishing properties. Furthermore,
their inclusion contributes to a reduction in the heat
of hydration, which is particularly important for
massive concrete structures, where high internal
temperatures can lead to thermal cracking. The use
of such additives reduces internal temperature
differentials and mitigates the risk of thermal stress-
induced cracking [[21], [22]].

Another significant benefit is that carbonate-
based additives substantially enhance the resistance
of concrete to aggressive environments, including
water, freezing conditions, acids, and chloride ions
commonly found in marine water [[23], [24]]. This
makes them especially suitable for the production of
concrete used in  marine infrastructure,
transportation facilities, and chemical processing
plants, where long-term chemical durability is
critical.

Experimental part

This study focused on evaluating the
effectiveness of hybrid mineral additives based on
local raw materials in composite Portland cement
production. The following components were used in
the preparation of the hybrid additives: thermally
activated aluminosilicate material (TAFM), quartz-
feldspar sand, apobasalt-orthoshale (APQO), and
limestone. TAFM was obtained by calcining a
mixture of 70% tuff and 30% shale at 800—850 °C.
APO is a volcanic-origin rock rich in Al,O; and Fe,0;3,
while limestone is a carbonate-based material with
a high CaO content (50.28%).

The chemical composition of all additives was
determined using standard chemical analysis
methods. Their pozzolanic activity was assessed
through the lime saturation method developed by
Y.M. Butt and V.V. Timashev, which evaluates the
capacity of the materials to bind free calcium oxide
(Ca0) in saturated lime solutions, thus reflecting
their reactivity.

Two composite cement formulations were
developed in accordance with GOST 31108:2020.
The first composition contained 75% Portland
cement clinker, 12% limestone, 3% TAFM, 5% APO,
and 5% gyPCum. The second composition included
75% clinker, 12% limestone, 3% TAFM, and 5%
gyPCum. As a control, a standard cement (PC-DO0)
consisting of 95% clinker and 5% gyPCum was
prepared. All cement mixtures were ground in a

laboratory ball mill until achieving a fineness of 90—
94% passing through a 008 sieve.

Testing involved determining the normal
consistency (water demand) and setting times in
accordance with GOST 310.3. The flexural and
compressive strength of the cement mortars,
prepared at a cement-to-sand ratio of 1:3, was
measured using prismatic samples of 4x4x16 cm
after 3 and 28 days of curing, following GOST 310.4
procedures. Additionally, to assess pozzolanic
activity, the cement pastes were stored in saturated
lime solutions for 30 days, after which the
concentration of CaO in the liquid phase was
measured using titration techniques.

Results and Discussion

In this study, hybrid additives based on locally
available mineral raw materials were selected with
the aim of enhancing the composition of composite
Portland cement and improving its
physicomechanical, hydration, and microstructural
characteristics. As a primary hybrid additive, a
thermally activated aluminosilicate component was
used, obtained by calcining a mixture of 70% natural
tuffaceous rock (tuffite) and 30% shale at 800 °C.
The thermal activation process significantly
enhanced the reactivity of the material, increasing
its pozzolanic activity. This combination exhibits
hydraulic properties, reacting with free calcium
hydroxide during hydration and forming secondary
calcium silicate hydrates (CSH) and calcium
aluminate silicate hydrates (CASH).

In addition, quartz-feldspar sand, consisting
primarily of SiO, and alkali feldspars (K/Na-—
feldspar), was introduced into the composition. This
component contributes to physicochemical balance
in the cement mixture, improves particle size
distribution, and functions as a microfiller by
reducing void phases and enhancing the density of
the hardened cement matrix.

The third component utilized was apobasalt—
orthoshale rock, characterized by a basaltic
structure rich in iron- and magnesium-bearing
silicates. These provide high mechanical strength,
chemical stability, and thermal resistance. The wide
range of mineral phases present in this rock type
contributes to stable hydration and the formation of
strong structural compounds within the cement
matrix.

The synergistic effect of these three
components was investigated in detail. Special
emphasis was placed on their influence on Portland
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cement hydration behavior, including heat
evolution, setting time, microstructural changes,
and compressive strength. In addition, comparative
measurements of compressive strength, water
permeability, density, and porosity were performed
on the hardened cement samples.

To evaluate the effectiveness of the hybrid
additives, their chemical composition and the
relative proportions of oxide components were
studied. These parameters are critical in
determining the hydraulic or pozzolanic activity of
the additives when blended with cement, as well as
their reactivity during hydration and their influence
on the microstructure and mechanical properties of
the final product.

Particular attention was paid to the quantitative
ratios of key oxides such as SiO,, Al,Os, Fe,0s, CaO,
and MgO. These indicators allowed for the
classification of each additive’s geochemical group,
its natural or artificial origin, and its expected
reactivity within the cementitious system. The
chemical composition of the components used in
this study — including thermally activated
aluminosilicate  (TAFM), apobasalt—orthoshale
(APQ), quartz—feldspar sand, and limestone — is
presented below (Table 1).

According to the analysis results, the quartz—
feldspar sand sample (abbreviated as QFS) primarily
consists of silicon dioxide (SiO;), which accounts for
88.72% of its composition. This high SiO, content
classifies the material as a quartz—feldspathic rock
and highlights its suitability as a microfiller that
contributes to the densification of the cementitious
matrix. The low content of Al,Os;, Fe,0s, and CaO
indicates that the material is chemically inert and
does not significantly participate in hydration
reactions, confirming its role as a non-reactive
mineral filler.

Table 1 - Results of chemical analysis of the additives

The apobasalt—orthoshale (APO) sample, in
contrast, contains substantial amounts of SiO,
(46.61%), Al,O3 (14.91%), and Fe,05 (8.20%), which
are characteristic of dense volcanic extrusive rocks
belonging to the andesite—basalt group. The high
content of these oxides indicates potential
pozzolanic or latent hydraulic activity. Furthermore,
the presence of CaO and MgO suggests partial
reactivity, enabling the formation of secondary
compounds during the hydration process, which can
enhance the mechanical strength and durability of
cement composites.

The thermally activated mineral additive (TAFM)
is composed of a mixture of tuffite and shale
calcined at 800-850 °C, and it contains SiO, (51.45%)
and AlLO; (8.62%). These values confirm its
classification as an aluminosilicate pozzolanic
additive. Additionally, the content of CaO (12.00%)
and MgO (2.20%) indicates that the material exhibits
both pozzolanic and hydraulic activity, enabling it to
react with free calcium hydroxide to form calcium
silicate hydrates (CSH) and calcium aluminate
silicate hydrates (CASH), which contribute to
improved microstructure and mechanical
performance.

The limestone sample is distinguished by its very
high CaO content (50.28%), which makes it an
effective carbonate-based reactive component for
incorporation into cement. The loss on ignition (LOI)
value of 39.61% reflects the release of CO, during
decomposition of carbonates. During cement
hydration, limestone promotes the formation of
calcium carbonate hydrates and calcium aluminate
carbonate (C-A—C) compounds. These products
enhance the density, impermeability, and resistance
to aggressive environments of the hardened cement
paste.

Type of Additive LOI (%) | SiO. (%) | Al,O; (%) | Fe,Os (%) Cao (%) | MgO (%) | SO; (%) | Others (%)
Quartz—feldspar 1.51 88.72 1.60 1.99 0.83 0.90 0.44 4.01
sand

Apobasalt- 9.47 46.61 14.91 8.20 8.76 3.79 0.30 5.80
orthoshale (APO)

TAFM (Thermally 16.14 51.45 8.62 2.39 12.00 2.20 0.58 6.62
activated)

Limestone 39.61 4.99 1.33 0.47 50.28 2.72 0.20 0.40
(CaCOs)

Note: LOI — Loss on Ignition.
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To determine the pozzolanic or hydraulic activity
of the additives, special tests were conducted to
evaluate their capacity to bind free calcium oxide
(Ca0) during the hydration process. The pozzolanic
and hydraulic reactivity of the selected additives —
TAFM, quartz—feldspar sand (QFS), apobasalt—
orthoshale (APO), and limestone — was assessed
based on their ability to fix CaO released during
cement hydration. The testing methodology was
based on the determination of the lime-binding
capacity of mineral additives within the cement
system, which serves as a criterion for assessing
their potential reactivity.

The experimental procedure was carried out in
the following stages:

e Representative samples of each additive
(TAFM, QFS, APOQ, and limestone) were ground to a
particle size of <1 cm and blended with Portland
clinker and gyPCum in a laboratory ball mill.

e The cement mixture for each sample
contained: 700 g of clinker, 300 g of additive, and 30
g of gyPCum.

e The resulting cement compositions were
ground to a fineness corresponding to 90-94%
passing through a No. 008 sieve, achieving standard
cement particle size.

To evaluate pozzolanic activity, the saturation
level of free CaO in the liquid phase was determined
after hydration. This analysis was conducted
according to the methodology developed by Yu.M.
Butt and V.V. Timashev, in which cement pastes
were hydrated for 30 days, followed by titrimetric
analysis of the alkalinity (meg/L) and free CaO
concentration (mmol/L) in the liquid phase.

The results showed that the TAFM-containing
cement sample absorbed 287.14 mg of CaO from the
saturated lime solution after 15 titration cycles,
indicating a high level of pozzolanic activity. At the

Table 2 - Results of chemical analysis of the additives

end of the test period, the TAFM cement sample
exhibited the following values in the liquid phase:

e Free CaO concentration: 3.86 mmol/L

e Total alkalinity: 58.00 meg/L

These results confirm the high reactivity of
TAFM, attributable to its rich content of reactive
aluminosilicate components, and its active
participation in pozzolanic reactions during
hydration.

In contrast, the cement sample containing
limestone exhibited a notable increase in the
alkalinity of the liquid phase. While limestone is only
weakly reactive, it affects the ionic balance of the
solution, thereby exerting an indirect influence on
the formation of hydration products (Table 2).

As shown in Table 2, the thermally activated
mineral additive (TAFM) demonstrated the highest
lime-binding capacity among the tested additives.
The concentration of CaO in the liquid phase was
measured at 3.86 mmol/L, while the total alkalinity
reached 58.00 meq/L. These values confirm the high
pozzolanic reactivity of TAFM, indicating its strong
ability to actively react with free calcium hydroxide.
This behavior reflects the material’s high hydration
reactivity and justifies its classification as a highly
active pozzolanic additive.

On the other hand, the quartz—feldspar sand
(QFS) sample exhibited the highest residual CaO
concentration in the liquid phase (8.39 mmol/L) and
the lowest amount of bound CaO (94.2 mg). These
results indicate that QFS has very low pozzolanic or
hydraulic reactivity and primarily behaves as an inert
microfiller within the cement system. According to
the standard GOST 24640-91 "Additives for Cement.
Classification", such low-reactivity additives are
typically used to economize clinker consumption
without significantly contributing to hydration
reactions.

Active Mineral Additive Origin of Additive CaO Content (mmol/L) | Total Alkalinity (meq/L)
TAFM (thermally activated) Technogenic (artificial) 3.86 58.00
QFS (quartz—feldspar sand) Natural (sedimentary) 8.39 56.80
APO (apobasalt—orthoshale) | Natural (volcanic) 6.80 57.20
Limestone Natural (carbonate-based) 3.00 68.00

Note: The table presents the concentration of free calcium oxide (CaO) and total alkalinity (in meq/L) in the liquid phase

in contact with cement pastes containing different additives.
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The apobasalt-orthoshale (APO) additive
showed intermediate reactivity, with a CaO
concentration of 6.80 mmol/L and alkalinity of 57.20
meq/L, suggesting limited pozzolanic activity. Due to
its content of reactive oxides (SiO,, Al,Os3, Fe,0s),
APO can still positively influence the density and
mechanical strength of cement composites and may
be classified as a partially reactive or borderline
pozzolanic additive.

Although the limestone sample showed the
lowest CaO concentration in the liquid phase (3.00
mmol/L), this should not be interpreted as an
indication of high pozzolanic activity. Instead, this
result reflects the carbonate nature of limestone,
which indirectly influences the alkalinity balance
within the hydration environment. The high
alkalinity value of 68.00 meg/L suggests that
limestone contributes to ionic equilibrium,
supporting the stable formation of hydration
products. Rather than acting as a reactive catalyst,
limestone typically functions as a stabilizing additive,
improving final properties such as density and
durability of the hardened cement paste.

Based on the results in Table 2, the
concentration of CaO and total alkalinity for each
cement sample containing different additives were
analyzed. These data were used to construct
comparative graphical plots, visually depicting the
relative reactivity of each additive within the

o
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hydration environment. The plot allows for the
assessment of the additives' alignment with
pozzolanic or hydraulic activity criteria (Figure 1).
The positions of points 1 (QFS), 2 (APO), 3 (TAFM),
and 4 (Limestone) on the graph with respect to the
lime solubility isotherm (curve A) were used to
evaluate the qualitative performance of each
additive. The concentration of free calcium oxide
(Ca0) in the liquid phase in direct contact with the
cement paste serves as a key indicator of the
additive’s reactivity—i.e., its pozzolanic or hydraulic
activity.

A point located below the isotherm indicates
that the additive has a strong capacity to bind CaO
from the liquid phase, which implies high reactivity.
Conversely, a point on or above the isotherm reflects
limited or negligible chemical interaction with Ca0O,
indicating low reactivity.

The analysis of the plotted data reveals that all
tested additives demonstrated some degree of CaO
absorption during the hydration and hardening
processes, but their levels of reactivity varied
significantly:

e Point 1 (TAFM) is positioned well below the
isotherm, indicating the highest pozzolanic and
hydraulic activity among all additives. As a thermally
activated artificial material, TAFM actively reacts
with free lime in the hydration environment and
forms strong secondary hydrates.

30

10

50 80

AlKkalinity of the solution, %

Figure 1 - Pozzolanic activity of mineral additives

A — Solubility isotherm of lime at 40 °C

B — Total alkalinity of the solution (excluding the contribution of Ca0)

1 - Cement sample with QFS (quartz—feldspar sand)
2 — Cement sample with APO (apobasalt—orthoshale)

3 — Cement sample with TAFM (thermally activated mineral additive)

4 — Cement sample with limestone
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e Point 2 (QFS) lies very close to the isotherm,
suggesting that this additive exhibits very low
pozzolanic reactivity. Quartz—feldspar sand behaves
primarily as an inert filler, contributing little to CaO
consumption.

e Point 3 (APO) is located between TAFM and
QFS, signifying that it possesses moderate
pozzolanic activity. APO may be classified as a semi-
reactive or borderline pozzolanic material, due to its
intermediate CaO-binding ability.

e Point 4 (Limestone) appears at a low CaO
concentration but should not be interpreted as a
sigh of high pozzolanic activity. Instead, this is
attributed to the carbonate nature of limestone,
which influences the chemical balance of the
hydration medium indirectly, rather than through
direct lime binding.

Thus, the positioning of the data points relative
to the solubility isotherm in Figure 1 provides a clear
visual assessment of the pozzolanic or hydraulic
activity of the studied additives. TAFM clearly stands
out as the most effective and reactive component,
whereas QFS (quartz—feldspar sand) demonstrates
the lowest reactivity and can be classified as an inert
mineral filler.

Based on the conducted research, the following
conclusions were drawn:

e According to the Student’s criterion for

evaluating hydraulic activity, the tested raw
materials do not meet the requirements specified in
UzDSt 901:1998. Therefore, they cannot be used
independently as active mineral additives for
cement production.

Table 3 - Cement composition and its effect on setting time

e However, all studied mineral additives —
TAFM, APO, limestone, and QFS — demonstrated a
certain level of pozzolanic activity, which supports
their potential application as reactive-filler
components in the production of various types of
Portland cement. These additives can bind free
calcium oxide (CaO) released during cement
hydration and setting.

e The highest lime-binding capacity was
shown by TAFM, a thermally activated technogenic
material. In contrast, QFS exhibited very low
hydraulic activity, while the pozzolanic reactivity of
APO fell between TAFM and QFS, indicating
intermediate behavior.

e Based on the amount of CaO absorbed from
the solution in which the cement samples were
immersed, the additives may be ranked in the
following descending order of pozzolanic activity:

TAFM - APO - QFS - Limestone

e To enhance the pozzolanic and hydraulic
performance of these additives, it is recommended
to formulate composite additives by combining
them with various modifiers. This approach aims to
improve their reactivity potential and contribute
more significantly to the strength development of
the cement matrix.

To produce composite Portland cements, raw
material mixtures (clinker blends) were formulated
in accordance with the requirements of GOST
31108:2020. The prepared mixtures were jointly
ground in a laboratory ball mill to obtain cement
samples for further testing.

No. | Type of Cement Grinding Residue on Sieve Standard Water Initial Setting Final Setting
Time, min No. 008, % Demand (W/N), % Time (h: min) | Time (h: min)
1 | PC-DO 30 10.0 25.7 3 h 20 min 5 h 00 min
2 | PC-KD20 20 6.0 27.0 2 h 40 min 5h 00 min
Notes:

e PC-DO - pure Portland cement without additives (control sample).
e PC-KD20 — Portland cement with 20% composite additive (limestone + TAFM + APO or QFS).
e The reduction in grinding time for PC-KD20 is attributed to the softer structure and higher grindability of the

ceramic components.

e Standard Water Demand (W/N) indicates the percentage of water required for normal consistency according

to GOST methods.
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The incorporation of ceramic-based additives
into the cement composition has a significant impact
on its physical-mechanical and technological
properties. In particular, the PC-KD20 cement
composition, which includes 20% composite
additives (a mixture of limestone + TAFM +
apobasalt—-orthoshale or quartz—feldspar sand),
exhibits a shorter grinding duration—only 20
minutes—compared to the reference pure Portland
cement (PC-DO).

This behavior is attributed to the relatively
softer texture and higher grindability of the ceramic
additives, which facilitate faster milling to achieve
the target fineness (Table 3).

In the PC-KD20 cement sample, the fineness is
significantly higher, as evidenced by the fact that
only 6.0% residue remains on sieve No. 008. This
indicates a greater degree of particle dispersion and,
consequently, higher reactivity of the cement.
However, such fineness also leads to an increased
water demand during the hydration process. As a
result, the required standard water-to-cement ratio
(W/N) for PC-KD20 is 27.0%, which is slightly higher
than that of pure Portland cement (PC-D0), which
stands at 25.7%.

Analysis of the setting times reveals that PC-
KD20 cement initiates setting earlier (2 h 40 min)
compared to the control PC-DO (3 h 20 min). This is
attributed to the increased surface area and higher
number of reactive sites, which accelerate the
hydration kinetics. However, the final setting time
for both cement types remains the same at 5 hours
(Figure 2). This suggests that the composite
additives included in the cement matrix primarily

6:00
4:48
3:36

2:24

Time (hh:mm)

1:12

0:00

PS-DO

M Intial setting time

enhance early-stage activity, without significantly
altering the overall setting duration.

Thus, the incorporation of ceramic waste into
the cement composition alters its physicochemical
and rheological properties, which play an important
role in  optimizing construction  material
formulations.

The normal consistency (W/N) of the composite
Portland cement (CPC) was slightly higher than that
of the control (reference) cement. This increase is
attributed to the enhanced water demand caused by
the plasticizing effect of limestone and TAFM
(thermally activated mineral additive). These
components increase the mix’s need for water due
to their surface activity and specific particle
structure.

The initial setting time of the experimental
cement occurred significantly earlier compared to
the control cement. This phenomenon is likely due
to the rapid binding of free calcium hydroxide
(Ca(OH),;) released during hydration by the
composite additives, which accelerates the
formation of hydration products.

As a reference sample, plain Portland cement
with 95% clinker and 5% gypsum was used,
containing no mineral additives. The compressive
strength of the composite Portland cement (CPC)
samples was evaluated and compared with the
reference  sample (PC-DO) following the
methodology outlined in GOST 310.4. Test
specimens were prepared from a 1:3 cement-to-
sand mixture, molded into 4x4x16 cm prisms, and
cast using Volsk construction sand as the standard
fine aggregate (Table 4).

PS-KD20

N Final setting time

Figure 2 - Comparison of cement setting times
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Table 4 - Effect of composite additives on flexural and compressive strength of portland cement (MPa)

Ne Type of Cement

Flexural / Compressive Strength
after 3 Days (MPa)

Flexural / Compressive Strength
after 28 Days (MPa)

PC-DO

5.60/21.40

6.20 / 40.20

2 PC-KD20

4.65/21.40

7.25/41.00
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Figure 3 - Effect of KGCh-Based Composite Additive on Compressive Strength of Portland Cement (MPa)

The mechanical performance of Portland
cement is significantly influenced by the type,
quantity, and reactivity of mineral additives
incorporated into its formulation. In the present
study, a composite additive system comprising
limestone, thermally activated mineral additive
(TAFM), and either apobasalt-orthoshale (APO) or
quartz—feldspathic sand (QFS) was introduced to
partially replace clinker in Portland cement, aiming
to improve sustainability without compromising
performance.

The early-age flexural strength (3 days) of the
composite cement (PC-KD20) was measured at 4.65
MPa, which is lower than that of the control cement
(PC-D0O) — 5.60 MPa. This reduction is attributable
to the delayed reactivity of certain mineral phases
within the composite additives. Specifically,
materials like feldspathic sand and orthoshale may
require a longer induction period to develop their
pozzolanic or hydraulic potential. Moreover, the
lower early-age strength may result from dilution of
clinker content, which directly contributes to early
hydration and strength gain.

In contrast, compressive strength at 3 days
remained unchanged (21.4 MPa) across both
cement types. This parity suggests that the filler
effect and microstructural densification provided by
the composite additives may partially compensate
for the reduction in reactive clinker. These additives

may act as nucleation sites, accelerating the
formation of hydration products such as calcium
silicate hydrate (C-S—H), thereby maintaining
compressive performance.

By 28 days, the composite cement not only
recovered but surpassed the control sample in
flexural strength (7.25 MPa vs. 6.20 MPa) and
slightly exceeded it in compressive strength (41.0
MPa vs. 40.2 MPa). This confirms the long-term
pozzolanic contribution of TAFM and APO, which,
over time, react with free calcium hydroxide to form
additional C-S-H and calcium aluminosilicate
hydrates (C-A-S—-H). The synergy between
limestone and active silicate/aluminate phases may
also contribute to the refinement of pore structure
and enhancement of interfacial transition zones
(ITZs) within the cement matrix.

Furthermore, the observed strength
development indicates that the composite additives
do not negatively impact the long-term performance
of cement but instead facilitate gradual densification
and strength improvement, making them viable for
sustainable cement design. These results align with
previous studies demonstrating that carefully
optimized  hybrid  mineral additives can
simultaneously support the mechanical integrity and
ecological performance of composite Portland
cements.
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The 28-day strength results clearly illustrate the
long-term effectiveness of the composite additives.
Specifically, the flexural strength of PC-KD20 cement
reached 7.25 MPa, significantly higher than the 6.2
MPa observed for the control sample (PC-DO0). This
improvement is attributed to the progressive
hydration activity of the mineral additives, which
enhance the formation of strength-contributing
hydrates, densify the cement matrix, and strengthen
internal microstructural bonds over time.

In terms of compressive strength, PC-KD20
cement achieved 41.0 MPa, slightly exceeding the
control sample's 40.2 MPa. This marginal gain
further indicates that the composite additives
contribute to refined microstructure, reduced
microcracking, and improved compactness of the
hardened cement paste.

Overall, the combination of limestone, TAFM,
and either apobasalt-orthoshale or quartz—
feldspathic sand demonstrates a substantial
pozzolanic contribution, reacting with Ca(OH), to
form additional C-S—H and C—A-S—H gel phases that
improve durability and mechanical performance.
Particularly, TAFM and limestone play crucial roles
due to their plasticizing effect and contribution to
structural stability, respectively.

Therefore, these composite additives not only
enhance cement quality but also contribute to
environmental sustainability by incorporating
industrial by-products. Their application in Portland
cement production represents a technologically
sound, mechanically efficient, and ecologically
viable solution for the future of sustainable
construction materials.

Conclusions

Based on the results of chemical analysis and
pozzolanic activity evaluation, it was found that all
tested mineral additives (TAFM, APO, and
limestone) possess varying degrees of pozzolanic
and hydraulic activity. Among them, the thermally
activated  aluminosilicate ~ material  (TAFM)
demonstrated the highest reactivity by effectively
binding free CaO in the hydrated cement matrix.

The experimental cement compositions
prepared according to GOST 31108:2020, which
included hybrid additives, showed improved
physical and mechanical performance compared to
the control cement. Notably, cement mixtures
containing TAFM, APO, and limestone exhibited
accelerated setting times, increased long-term
strength, and better structural compactness.

The use of limestone as a partial clinker
substitute is viable from an economic and ecological
perspective, although its pozzolanic effect is limited.
However, when combined with more active
additives like TAFM, synergistic behavior was
observed, enhancing the performance of the overall
cementitious system.

The research confirms the potential of utilizing
locally available mineral materials in hybrid form to
develop environmentally sustainable and technically
effective composite portland cements.
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Ken KoMnoHeHTTi MMHepanabl KocnanapablH, KOMNO3ULUANDIK LLEMEHTTIH,
MMUKPOKYPbIZIbIMbl MeH bepiKririHe acepi
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TYAIHAEME

KoplaFaH opTa MeH 3Hepruafa KaTbiCTbl apTbin Kese KaTKaH KUbIHABIKTAP KafaanbiHaa LeMeHT
OHEepKaCibi KAMHKepAi TyTbiHyAbl XaHe CO, LWblFapblHAbINAPbIH a3aiTy mMaKcaTbiHAa rMbpuAaTi
MWHEpanabiK KOCnanap KOCbIIFAaH KOMMO3WULMANBIK NOPTNAHA LeMeHTTepiH nanganaHyfa et
bypyaa. byn septreyae Tepmuanbik 6enceHaipinreH antomocuamnkaTTbl kocnanap (TBAK), kBapu-
Aananbik WNaTTblK Kym, anobasanbT-optoanesponut (AMO) KaHe aKTAC CUAKTbI KOMMNOHEHTTEPAIH,
nyuLonaHabIk 6enceHainiri MeH ruapatauuanblk apeKeTi 3epTrensi. 9p KOMNOHEHTTIH XMMUANbIK,
KyYpambl MeH Kanbuulii OKcuaimeH 6ainaHbicTblpy KabineTi aKkneH KaHbIKTbIpy aaicimeH

Makana kengi: 11 winde 2025 aHblKkTangpl. Hatuxkenep TBAK eH »Kofapbl NyLLONAHABIK PEAKUMANbIK BenceHainikke ne xaHe
CapantamagaH eTTi: 29 mameiz 2025 60c akTacTbl (Ca0) aiTap/abiKTait GanaHbICTbIPATLIHLIH KOpCeTTi, ogaH KeiiH APO aHe aKTac.
Kabbinganapl: 12 Keipkyliek 2025 Komnosuumsanbik uemeHT Kocnanapbl GOST 31108-2020 cTtaHgapTbiHa calikec, 20% rmbpuaTik

KocCnanapabl KOCy apKblbl AalibiHAaNAbl. MexaHUKanblK CbIHAKTap MyHAal Kocnanap KbiCbiMFa
JKoHe uinyre OepiKTiNiKTI  apTTblpaTbiHbiH, €epTe KaTy YaKbITblH KbICKAPTATbIHbIH KaHe
KYPbIIbIMABIK ThIFbI3AbIKTbI XKOFapblnaTaTbiHbIH KepceTTi. 9cipece TBAK, APO xaHe aKTac
KOMBMHALMACHI rTMAapaTaLmMa KUHETUKACIH XeaenaeTyae KaHe COHfbl BepiKTik cunaTramanapbiH
KaKcapTyAa CUHEpruanbik acep eteai. byn HaTukenep Xeprinikti MuHepanapiK pecypcrapabl
OPHBIKTbI LLEMEHT eHAIpiciHAe TMIMAI KOMMNOHEHT peTiHAe KONAaHYAbIH, MYMKIHAIrH pactaiabl
KOHe  rMbpuaTik - KocmanapAblH,  KAWMHKEP  TYTblHYbIH  as3aiiTa  OTbIpbIM,  LEMEHTTi
KOMMO3ULMANAPAbIH,  MEeXaHMKa/bIK »KaHe y3aK Meps3imai  KacueTTepiH  »KaKcapTyaafbl
APTbIKLWbINbIKTaPbIH alKbIHAANAbI.

TyliiH ce3dep: Tepmuanbik 6GenceHAipinreH Kocnanap, KAWHKep MenLWepiH a3aiTy, OPHbIKTbI
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AHHOTAUMA
B ycnosuaAx pacTywwmux 3KONOMMYECKUX U SHEPreTUYeCKMX BbI30BOB LIEMEHTHasA NPOMbILWNIEHHOCTb

NepexoamnT K UCMO/b30BaHNI0 KOMMNO3ULMOHHbIX MOPTNaHA, LLEMEHTOB, COAepMKalLumX rMbpuaHble
MWHepanbHble 006aBKKM, C LENblo COKpaweHua notpebreHus KauHkepa u Bbibpocos CO,. B
JAaHHOM MCCNefoBaHWMM M3yyeHa MyLLUONaHOBas aKTMBHOCTb M rMApaTaLMOHHOE MoBeAeHUe
TEPMUYECKM aKTMBMPOBAHHbIX a/NOMOCUAMKATHLIX Ao6aBok (TAAJ), KBapL-noneBoWwnaToBoOro

Mocrynuna: 11 utoas 2025 necka, anobasanbt-optoanesponuta (AMO) U M3BECTHAKA. XMMMWYECKMIA COCTaB M CNOCOBHOCTb
PeueHsnposaHue: 29 asaycma 2025 CBA3bIBATb OKCMA, Ka/ibUMA KaXAoro KOMMOHeHTa 6blav onpegeneHbl METOA0M WM3BECTKOBOWM
MpuHATa B nevaTb: 12 ceHmAbps 2025 HacbIWEeHHOCTU. Pe3ynbTatbl nokasanu, uyto TAA[ obnagaeT HavBbICLEW MyLLUONAHOBOW

PEeaKLMOHHOM CMOoCcOBHOCTbIO M 3HAUWUTENIbHO CBA3blBaeT cBoboAaHylo u3BecTb (CalO), 3a HUM
cnepytoT ANO M m3BecTHAK. KOMMNO3MLMOHHbIE LieMeHTHble cmecu bbinn chopmynmposaHbl B
COOTBETCTBUM C TpeboBaHuAMK cTaHaapTa FOCT 31108-2020 c pobasneHmnem 20% rmbpuaHbIX
MUHepanbHbIX A06aBOK. MexaHWYecKme WUCMbITaHWMA MOKasanu, YTO TaKWMe COCTaBbl yayyllatoT
NPOYHOCTb Ha CXaTue U M3rMb B [0NrOCPOYHON MEepCrneKTUBE, COKPALAT paHHME CPOKMU
CXBaTblBaHWA W MOBbIWAIT CTPYKTYPHYIO NAOTHOCTb. OcobeHHo kombuHauus TAAL, AMNO wu
M3BECTHAKA MNPOAEMOHCTPUPOBana CUHepreTuyecknii adpeekT, cnocobcTBya WMHTEHCUPUKAL UK
rMapaTaumMmM U YAyyLWEHUIO KOHEYHbIX XapaKTepUCTUK. MonyyeHHble AaHHble NOATBEpMKAAloT
LLenecoobpasHOCTb UCMO/b30BaHMA MECTHBIX MUHEPasibHbIX PECYPCOB B KayecTBe 3PPEKTUBHBIX
KOMMNOHEHTOB A/11 YCTOMYMBOrO MNPOU3BOACTBA LiEMEHTa W MOAYEPKMBAIOT MpPenmyLLecTBa
rMbpUAHbIX A06aBOK B CHUMKEHWW MOTPebaeHUA KAMHKepa Npu OAHOBPEMEHHOM YyulleHUn
MEXaHUYECKMX U AONFOBEYHbIX CBOMCTB LIeMEHTHbIX KOMMNO3UTOB.

Kniouesbie cnosa: TepmUyeckn aKTMBUPOBaHHbIE A06aBKKU, CHUMKEHWE COAEPIKAHWA KIMHKepa,
3KO/IOTMYECKM YCTOMUMBbBIE CTPOUTENbHbIE MaTepuanbl, rMApaTauMa UemeHTa, rubpuaHbie
MUHepanbHble f,06aBK1, KOMNO3ULIMOHHBIN NOPTNAHALEMEHT.
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