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ABSTRACT

This study is devoted to the production of sulfate-resistant Portland cement clinker based on
local raw materials found in the Aral Sea region of the Republic of Uzbekistan and the study of its
properties. The results obtained highlight technological, economic, and environmental
advantages. The raw material mixtures consisted of limestone, barren sand, kaolin, and iron-rich
industrial waste, resulting in a clinker with an optimized oxide composition (LSF = 0.82, SR = 2.15,
AR = 0.94). X-ray phase analysis shows a high content of alite (C3S = 38.6%) and belite (C:S =
41.0%) phases, which provides high mechanical strength. The low content of tricalcium
aluminate (tricalcium aluminate < 5%) and the sufficient content of ferrite (C4AF = 16.2%)
increased sulfate resistance and phase dominance. Sulfate resistance tests performed in
accordance with ASTM C1012/C1012M showed that sulfate-resistant Portland cement had the
lowest swelling index among samples placed in a 5% Na.SOa solution, proving its high resistance
compared to ordinary Portland cement and mixed cement types. The results of the experiments
prove the feasibility of producing high-quality sulfate-resistant Portland cement clinker based on
local raw materials and demonstrate its potential for use in the sulfate-rich conditions of the Aral
Sea region. Economically, the use of local raw materials reduces production costs, the need for
imports, and increases the competitiveness of the cement industry in our region. Ecologically,
the long service life of sulfate-resistant Portland cement and the possibility of using industrial
waste are consistent with the principles of the "green economy" and contribute to waste
reduction and sustainable growth.

Keywords: sulfate-resistant Portland cement, clinker synthesis, mineral resources, sulfate
resistance, green economy, sustainability.
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Introduction

of hydraulic structures, industrial facilities, and
residential  infrastructure, has  significantly

In recent years, the rapid development of the increased the demand for durable and long-lasting
construction industry, particularly in the expansion  types of cement and concrete. However, specific
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natural and geographical conditions in some
regions pose unique challenges for construction
materials. In the Republic of Karakalpakstan,
especially in the Aral Sea region, soils and
groundwater are characterized by high salinity,
where the presence of sulfate ions (50427) poses a
serious threat to concrete and reinforced concrete
structures. Ordinary Portland cement is rapidly
corroded in a sulfate environment, since sulfates
interacting with the three calcium aluminate
phases in the composition form expanding
ettringite, resulting in cracking and a decrease in
strength. Therefore, the development of sulfate-
resistant Portland cement is an urgent task for this
region.

According to the standards of UzM St 337:2024
and GOST 22266-2013, the content of tricalcium
aluminate (tricalcium aluminate) in the cement
composition should not exceed 5%, and in some
cases it should be reduced to 3%. This is because
tricalcium aluminate reacts with sulfate ions and
forms harmful expansion products. Therefore,
reducing the content of tricalcium aluminate by
reducing the content of Al,O3 or increasing Fe;03
increases sulfate resistance. As a result, reducing
the CsA phase — that is, by reducing the Al,Os;
content in the clinker or increasing the Fe;0s;
content — is one of the most effective approaches
to increasing sulfate resistance.

The Republic of Karakalpakstan has great
scientific and practical potential in this area. The
region is rich in raw material deposits for cement
production, including limestone (CaCO3 = 85-90%),
kaolin (Al,0; = 36—38%), basalt, and iron-rich rocks.
The rational use of these resources will not only
help achieve economic efficiency, but also produce
high-quality sulfate-resistant Portland cement SRC
clinker that is suitable for the aggressive sulfate
environments of the region. Consequently, the
production and application of sulfate-resistant
cement has become a critical requirement for the
construction of buildings, reservoirs, sewage
systems, and other engineering structures in the
Aral Sea region.

In international and regional standards, specific
requirements are imposed on the mineralogical
composition of cement clinker in order to ensure
sulfate resistance. Among these, one of the most
critical parameters is the content of tricalcium
aluminate (CsA). Studies have shown that the
higher the proportion of the CsA phase in cement,
the more rapidly it reacts with sulfate ions, forming
expansive products in concrete. Therefore, the
content of CsA in sulfate-resistant Portland cement

clinker is strictly regulated by the requirements of
the established normative documents and should
not exceed 5%, and in some cases it is required to
reduce it to 3%. In the production of sulfate-
resistant cement clinker, it is possible to reduce the
CsA phase by reducing the content of Al,0s, which
is an important component of the clinker, or by
increasing the content of Fe;Os. For this, it is
necessary to correctly select the composition of the
main components and correctly calculate the batch
ratios.

The Republic of Karakalpakstan has great
potential for rational use of mineral resources on
the territory of the Republic of Karakalpakstan and
to conduct competent scientific research in this
area. The region has sufficient reserves of raw
materials such as limestone, clay, porphyry, and
iron-rich rocks necessary for cement production.
The use of these mineral resources, while ensuring
economic efficiency, will help produce high-quality
sulfate-resistant Portland cement clinker that can
withstand the aggressive sulfate environments of
this region.

The main goal of this scientific research is to
synthesize sulfate-resistant Portland cement clinker
based on mineral raw materials from the Aral Sea
region, determine its chemical and mineralogical
composition, and study the effect of spatial
structure on sulfate resistance.

The issue of producing sulfate-resistant
Portland cement is of interest to many researchers
around the world, since concrete made from
ordinary Portland cement is very quickly corroded
and destroyed by sulfate ions, which reduces the
service life of engineering and hydraulic structures
[1]. Therefore, many other research works are
aimed at improving the mineralogical composition
of sulfate-resistant Portland cement clinker,
namely, reducing the amount of tricalcium
aluminate (C3A) [2]. Research by world scientists
shows that reducing the tricalcium aluminate phase
in clinker can be achieved by reducing the Al,O3
content or increasing the Fe,03 content. The results
of the study show that the synthesis of clinker with
a high iron/aluminum ratio, dominated by ferrite
phases, dramatically reduces the CsA content and
increases the sulfate resistance of cement [[3], [4]].

It has been scientifically proven that by
optimizing the batch composition, the content of
tricalcium aluminate can be reduced to values
below 5 % [5]. The use of iron-rich additives is
effective in reducing tricalcium aluminate.
Thermodynamic modeling has confirmed the high
sulfate resistance of clinkers with a predominance
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of ferrite phases [[6], [7], [8]]. As a result of a
detailed study of the mechanism of sulfate action,
two-stage studies have confirmed that tricalcium
aluminate phases react with sulfate ions to form
expanding products. By observing the
microstructural changes of concrete under the
influence of sulfate ions for a long time, it has been
shown that cements with a low CsA content have
higher strength. Analysis of cements with the
addition of limestone powder has shown that
mineral additives have a significant effect on the
sulfate-resistant Portland cement system. Long-
term tests of cements mixed with blast furnace slag
have shown a significant increase in sulfate
resistance [[9], [10], [11], [12], [13]].

It has also been reported that sulfate-resistant
Portland cements can be degraded in long-term
humid environments and under strong sulfate
conditions. Scientific approaches to improving
sulfate resistance offer several effective methods.
The use of iron-rich mineral additives to increase
the iron/aluminum ratio and reduce tricalcium
aluminate to increase ferrite phases, as well as the
use of additional mineral components such as slag
and limestone [14].

Studies conducted in Spain have investigated
the technical and environmental performance of
sulfate-resistant Portland cement clinkers with the
addition of new mineral components such as iron-
rich sand, slag and “albero” [15].

The results showed that partial replacement of
slag up to 30% did not harm the mechanical
strength of the cement, but increased its sulfate
resistance.

It was found that the optimal use of additional
cementing materials in Portland-limestone cements
improves sulfate resistance [16]. The interaction
between clinker, gypsum, and other sulfate
additives has been studied, and the SOs; content of
the cement has been shown to affect its sulfate
resistance [17].

However, practice shows that the production of
sulfate-resistant Portland cement clinker can be
achieved not only by adjusting the raw material
composition, but also by using mineral additives
and secondary materials appropriately. As a result,
the environmental efficiency of the cement
industry is increased, as well as the cost of
production and carbon dioxide (CO,) emissions are
reduced [[18], [19]].

Studies conducted in the regions adjacent to
Uzbekistan have explored in depth the possibilities
of producing sulfate-resistant cement based on
mineral resources. These studies were mainly

aimed at improving the batch composition,
studying the phase composition, and increasing the
durability of cement in sulfate environments.

Practical results have also been obtained. Trials
at the “Karakalpak Cement” LLC enterprise
confirmed that siliceous additives improve the
physico-mechanical properties of cement and
enhance sulfate resistance [[20], [21], [22], [23],
[24], [25]]. Buriev et al. reported that a high
replacement level with pozzolanic materials (e.g.,
fly ash) has a positive impact on sulfate durability
[26]. In addition, recent research by Iskandarova
and collaborators analyzed innovative approaches
in the development of composite Portland
cements, pointing to promising directions for the
future development of the cement industry in the
region.

Kazakhstani scientists have carried out studies
on the synthesis of ferrite-phase cements using
manganese- and iron-rich ores. Results published in
the journal Complex Use of Mineral Resources
confirmed that the increase in C4AF content
reduces C3A and improves cement durability under
sulfate environments [27]. Moreover, regional
studies on feldspar, talc-magnesite, and other
useful minerals have shown that their
physicochemical characteristics make them suitable
for future applications in cement and other silicate
material production.

From an economic point of view, the use of
limestone, barren sand, kaolin, and iron-rich
industrial waste reduces the demand for imported
raw materials and reduces production costs. Bu esa
ushbu mintaga uchun sement sanoatining
ragobatbardoshligini oshiradi. By using local raw
materials properly, it is possible to increase
technological efficiency and at the same time
reduce production costs. This will contribute to the
sustainable development of the industry of the Aral
Sea region. In the future, effective cement
production will be established based on new
innovative projects using local resources, and
economic stability will be achieved. In terms of
economic significance, such studies also show the
advantages of rational use of resources in the
national economy [28].

From an ecological point of view, sulfate-
resistant Portland cement clinker is more resistant
to sulfate ions than ordinary Portland cement,
extending the service life of hydraulic and general
construction structures. This is especially important
for sulfate-rich areas of the Aral Sea region,
reducing the need for frequent repairs or
reconstruction. As a result, resource consumption is
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reduced, and environmental impact is reduced.
From the perspective of the “green economy”
principles, these processes are fully consistent with
the concepts of modern economic approaches - the
“green economy” and “circular economy” - while
ensuring the long service life of sulfate-resistant
Portland cement clinker and the ecological balance
through the efficient use of industrial waste [29].

The addition of iron-rich industrial waste to the
batch composition increases the efficiency of
industrial waste processing and serves to
implement the principles of the “green economy”
and “circular economy”. This process is consistent
with modern requirements for production and
helps to reduce carbon dioxide (CO,) emissions in
the cement industry.

The production of sulfate-resistant Portland
cement clinker has technological advantages,
economic efficiency, and environmental
sustainability, making it a useful material for the
Aral Sea region.

Experimental part

The production of sulfate-resistant Portland
cement clinker was carried out using local raw
materials from the Lower Aral Sea region. The main
composition of the raw material mixture consisted
of limestone, barren sand, and kaolin, with gypsum
and iron-rich industrial waste used as additional
components.

Laboratory-scale samples were prepared on the
basis of Karakalpak Cement LLC, and the analyses
were carried out at the STROM Research and
Testing Center under the Institute of General and
Inorganic Chemistry of the Academy of Sciences of
Uzbekistan.

Chemical Composition

The chemical composition, determined
according to UzM St 337:2024 and GOST 5382-2019
using classical titration and gravimetric methods,
was as follows (wt.%): CaO — 61.09, SiO, — 22.10,
Al,0; — 4.98, Fe;03; — 5.32, MgO - 2.07, SO3 — 0.80,
LOI —1.14, Free CaO — 0.94.

Calculated module values were: LSF =0.82, SR =

2.15, AR = 0.94 — all within SULFATE-RESISTANT
PORTLAND CEMENT normative limits.

Mineralogical composition (XRD)
X-ray phase analysis (Rigaku MiniFlex, Cu-Ka
radiation) and Rietveld recalculation revealed the

main phases in the cement clinker: C3S — 38.6%, C,S
—38.0%, tricalcium aluminate — 4.2%, C,AF — 14.8%.
These results are consistent with Bogue
calculations and the solid phase composition of
sulfate-resistant Portland cement clinker.

Test conditions

All analyses were performed in accordance with
the requirements of UzM St 337:2024 and GOST
5382-2019 [[30], [31]]. Sulfate resistance was
assessed according to ASTM (C1012/C1012M:
samples were immersed in a 5% Na,SO, solution for
testing, and their expansion was compared with
reference samples stored in distilled water [32].

To ensure reliability, two control samples were
used in each case, which allowed to accurately
determine the effect of sulfate ions on dimensional
stability and strength.

Results and Discussion

The selection of raw materials for the
production of sulfate-resistant Portland cement
clinker is of particular scientific and practical
importance. Therefore, the economical use of local
raw materials is an urgent issue. In the Republic of
Karakalpakstan, dune sands, kaolin, iron-rich
industrial waste, and limestone deposits are
considered promising sources of raw materials. By
analyzing their chemical composition, it is possible
to determine the mineralogical composition of
sulfate-resistant Portland cement clinker.

The ratio of the main oxides in the raw material
mixture is an important factor in the synthesis of
sulfate-resistant Portland cement clinker. Calcium
oxide (CaO) serves to form alite (CsS) and belite
(C2S) phases, and silicon dioxide (SiO,) is the basis
for silicate phases; aluminum oxide (Al,Os) serves
to form tricalcium aluminate (tricalcium aluminate).
Also, to ensure sulfate resistance, it is necessary to
reduce the content of tricalcium aluminate to <5%,
preferably to 3%. Iron oxide (Fe;0s) is part of the
ferrite phase (C4AF) and is important in reducing
the content of tricalcium aluminate.

Also, achieving the correct distribution of
oxides is an important factor in ensuring the
strength and long-term stability of cement in
sulfate environments. The chemical composition of
local raw materials in the Republic of
Karakalpakstan by main oxides is presented in Table
1.
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Table 1 - Chemical composition of local raw materials selected for the synthesis of sulfate-resistant portland cement

Raw Material Chemical composition by major oxides (wt.%)
SiO: Al203 Cao MgO Fe203 Na:0 K20 TiO2 SO: LOI

Limestone - 0.15 53.14 2.56 0.12 - - - - 42.49
Barxan sand 89.22 3.15 0.68 2.32 0.97 0.94 0.70 0.24 0.20 1.61
Kaolin 54.07 16.47 0.85 2.57 9.93 1.72 - 0.17 - 9.23
Iron-rich by- 40.40 | 600 | 2.05 | 400 | 4524 - 0.40 - | o022 3.10
product

sum stone 2.80 0.49 30.98 - - - 2.63 2.80 | 42.80 20.30
gYp CaSO4x2H20 = 42.80x2.15 = 92.02%

The chemical composition of these raw
materials is suitable for ensuring the optimal
balance required in the synthesis of sulfate-
resistant Portland cement clinker. Barkhan sands
are characterized by a very high SiO, content
(89.22%), which provides a primary source for
silicate phases (e.g., C3S and C,S) and contributes to
improved mechanical strength of clinker. However,
due to their relatively low Al,Os3 (3.15%) and Fe;03
(0.97%) contents, these sands are mainly useful for
increasing the silica modulus (SM).

The iron-rich by-product contains a high
Fe,Oscontent (45.24%), which plays a critical role in
forming the ferrite phase (C4AF) and thus
contributes to sulfate resistance by reducing the
calcium aluminate content. Meanwhile, its SiO,
(40.40%) and Al,O3 (6.00%) levels are moderate,
allowing adjustment of the iron modulus (IM) in the
raw mix. Low levels of alkaline oxides such as Na,O
and K,O ensure that adverse effects do not occur
during clinker hydration. Kaolin is high in Al,Os
(16.47%) and SiO, (54.07%), and acts as the main
raw material for the formation of aluminate phases.
However, due to the relatively high Al,Os content,
kaolin consumption must be carefully controlled;
otherwise, the tricalcium aluminate content in the
clinker may exceed 5%. Kaolin has moderate Fe;0s
(9.93%) and Na,O (1.72%) levels, and it is suitable
for adjusting the aluminum modulus (AM). The low
content of SO, (0%) and TiO; (0.17%) does not
adversely affect the quality of sulfate-resistant
clinker.

Limestone is the main source of CaO (53.14%),
which is essential for the formation of alite and
belite phases. The almost complete absence of SiO;
and Al,03(0% and 0.15%) in it proves that it is a
pure calcium source. The low content of MgO
(2.56%) and Fe,03 (0.12%) does not cause problems
during the clinker hydration process. The loss on
heat (LOI, = 42.49%) proves the carbonate nature of
the limestone and indicates the release of CO,
during the calcination process.

In general, the mixture of these raw materials
provides the ratio of oxides necessary for the
synthesis of sulfate-resistant Portland cement
clinker. It is recommended to conduct laboratory
tests to determine the main composition.
According to preliminary calculations, the optimal
batch composition may be as follows: barren sand
15-20%, iron-rich industrial waste 5-10%, kaolin 10-
15%, and limestone 60-70%. This approach allows
for the maximum use of local raw materials and
increases the resistance of cement to sulfate
environments by 20-30%. In addition to these raw
materials, gypsum plays an important role in the
cement production process. It is mainly used as a
component that regulates the rate of hardening at
the cement setting stage.

Figure 1 - Gypsum stone sourced from the
Tashaba deposit, Karakalpakstan

According to the results of chemical analysis,
gypsum from the Tashaba deposit in the Republic
of Karakalpakstan contains 42.80% SOs, which is
approximately 92.02% CaS04-2H,0. Such a very
high purity and very low content of SiO, (2.80%),
Al,O; (0.49%), MgO, and Fe;0; indicate that
Tashaba gypsum is an ideal raw material for the
cement industry. Such a pure chemical composition
of Tashaba gypsum ensures the stable formation of
ettringite during the hydration process, prevents
secondary reactions, and increases the sulfate
resistance of cement. The low content of impurities
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Table 2 - Chemical and mineralogical composition of sulfate-resistant portland cement clinker

Material name LOI SiO2 Al203 Fe203 Cao MgO SOs Cl- Cao (Free z
Ca0)
Portland cement 1.14 22.1 4.98 5.32 61.09 2.07 0.8 0.0 0.935 100.0
clinker
Mineralogical composition (%) and module indices
C35=38.64; C,5=41.03; C3A=4.17; C4AF=16.16; Ca0/Si0,=2.76; LSF=0.86; SR=2.15;
AR=0.94
30000
25000+
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7 it
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10000 | §‘ %i
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60 80
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Figure 2 - XRD pattern of SRC clinker showing the main phases (CsS, C2S, C3A, CsAF)

in the mixture has a positive effect on the friability,
color, and stability of the composition of the
cement. Therefore, the use of Tashaba gypsum in
the production process of sulfate-resistant clinker
not only improves the quality of cement, but also
serves to effectively use local mineral resources,

reduce production costs, and ensure the
environmental sustainability of the cement industry
(Fig. 1).

The successful balance of the above raw
material components is reflected in the

mineralogical composition of the synthesized
sulfate-resistant Portland cement clinker, since the
ratio of oxides directly affects the phases formed
(Table 2).

According to the data from the table, the
clinker contains CaO (61.09%). It is mainly derived
from limestone and is important in the formation of
the main part of the alite (C3S) and belite (C.S)
phases, which determine the strength of the
cement and the hydration process. The SiO;
content (22.1%) is moderate, which plays an
important role in the formation of silicate phases in
particular. This oxide is mainly derived from barren
sands and kaolin. The amounts of Al,O3 (4.98%) and
Fe,03 (5.32%) serve to form the aluminate and

ferrite phases in the clinker due to kaolin and iron-
rich industrial waste. Small amounts of oxides such
as MgO (2.07%) and SOs; (0.80%) improve the
stability of the clinker in sulfate environments and
at the same time prevent undesirable reactions.
The absence of CI~ (0.0%) and the low content of
free CaO (0.935%) greatly increase corrosion
resistance. The low heat loss (1.14%) confirms the
very good quality of the raw materials. The total
oxide content of 100.0% indicates that the clinker
composition is optimal and fully balanced.

In the mineralogical composition, the clinker is
dominated by CsS (38.64%) and C,S (41.03%)
phases, which primarily determine its mechanical
properties. The relatively low content of tricalcium
aluminate (4.17%, <5%) is the main indicator of
sulfate resistance, since it greatly reduces the
formation of ettringite. This is directly related to
the low content of Al,Os in the raw materials. The
presence of the C.,AF (16.16%) phase indicated a
high ferrite content in the clinker. This phase is
formed due to Fe;0s introduced through iron-rich
industrial waste and, replacing part of the
tricalcium aluminate, increases the strength of
sulfate-resistant cement clinker. The calculated
modulus values once again prove that the raw
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material mixture is in equilibrium. The Ca0O/SiO,
ratio (2.76) — the silicon modulus — provides high
mechanical strength of the cement. The lime
saturation factor (LSF = 0.86) indicates that the
firing process was carried out under optimal
conditions. The aluminum modulus n (2.15) and
iron modulus p (0.94) confirm that the oxides have
a stable ratio. These results prove that it is possible
to effectively produce sulfate-resistant Portland
cement clinker based on local raw materials such as
barren sand, iron-rich industrial waste, kaolin, and
limestone.

Reducing the amount of tricalcium aluminate
can reduce the expansion and erosion of cement in
sulfate environments by 15-25%, resulting in
increased long-term durability of structures.
However, to maintain optimal modulus values, it is
necessary to precisely control the firing
temperature in the range of 1350-1450 °C, as well
as the time of burning the clinker in the kiln. In
future studies, it is proposed to study the
mineralogy of the raw material mixture in depth,
analyze the hydration kinetics, and conduct
mechanical tests in order to improve the efficiency
of the synthesized clinker. The chemical
composition and phase structure of the clinker
were evaluated by X-ray phase analysis along with
tabular data. The XRD diffractogram showed clear
peaks corresponding to the main crystal phases, the
presence of which confirmed the results obtained
by the Bogue method (Fig. 2). The strongest
diffraction peaks observed between 206 = 29-34°
and 51-52° indicate the dominance of the C3S and
C.S phases.

The above data are in complete agreement
with the X-ray diffraction pattern analysis. The most

intense diffraction peaks were recorded in the
ranges of 26 = 28-35° and 50-53°, corresponding to
the alite (CsS) and belite (C,S) phases. These values
confirm the quantitative data obtained from
Bogue's calculations. Peaks around 20 = 32-34° and
48° correspond very well to the tricalcium
aluminate phase (C3A = 4.2%) and indicate that its
content in the clinker is very low. The low content
of tricalcium aluminate clearly demonstrates that it
is an important factor in increasing sulfate
resistance. The peaks observed at 26 = 32-34°, 41—
42° and 52° also correspond to the tricalcium
aluminoferrite phase (C4,AF = 16.2%), which is
completely consistent with the results of chemical
and mineralogical analyses. Thus, when the results
of the chemical and mineralogical analyses were
compared with the X-ray diffractogram, the
predominance of alite and belite, the low content
of tricalcium aluminate, and the high content of
C,AF were scientifically confirmed. These
characteristics allow us to consider the synthesized
clinker as a sulfate-resistant Portland cement
clinker.

The discrepancy observed between the Rietveld
refinement results and the Bogue calculations (C,S:
41.03% vs. 38.0%; C4AF: 16.16% vs. 14.8%) is due to
methodological differences between the two
approaches: the Rietveld method performs a full-
profile X-ray diffraction fit taking into account
crystal structure parameters, while the Bogue
method provides a stoichiometric estimate based
only on the oxide composition. Discrepancies of 2—
5% between these methods are well documented
and are considered acceptable for clinker phase
analysis.
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Figure 3 - Free CaO content in sulfate-resistant Portland cement (SRC) clinker
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Table 3 — Free CaO content as a function of firing temperature

Firing temp. (°C) Free CaO (%) Source
1250 1.42 Odler (1998); Taylor (1997)
1300 1.05 Odler (1998); Taylor (1997)
1350 0.68 Hewlett & Liska (2019)
1400 0.32 This study (experimental)
1450 0.15 Hewlett & Liska (2019)

Table 4 - ASTM C1012/C1012M sulfate resistance test results (28-day immersion)

Specimen ID Cement Lo Immersion L2 (mm) AL Expansion (%) ASTM limit
type (mm) medium (mm) (%)
- — Initial 28-day 28-day Lg-Lo AL/L,x100 <0.10
immersion
SRC Clinker — Batch | (Lo = 160.1 mm)
1.1 SRC clinker | 160.1 Distilled water 160.1 0.0 0.000 <0.10
1.2 SRC clinker | 160.1 Distilled water 160.1 0.0 0.000 <0.10
1.3 SRC clinker | 160.1 5% Na2S04 160.1 0.0 0.000 <0.10
solution
Mean  SD (Batch 1): | 0.000 £ 0.000 <0.10
SRC Clinker — Batch Il (Lo = 160.1 mm)
2.1 SRC clinker 160.1 Distilled water 160.1 0.0 0.000 <0.10
2.2 SRC clinker 160.1 Distilled water 160.1 0.0 0.000 <0.10
2.3 SRCclinker | 160.1 5% Na2S04 160.1 0.0 0.000 <0.10
solution
Mean + SD (Batch Il): | 0.000 £ 0.000 <0.10
SRC Clinker — Batch Il (Lo, = 160.0 mm)
3.1 SRC clinker 160.0 Distilled water 160.0 0.0 0.000 <0.10
3.2 SRC clinker 160.0 Distilled water 160.0 0.0 0.000 <0.10
3.3 SRC clinker | 160.0 5% Na2S0a4 160.0 0.0 0.000 <0.10
solution
Mean  SD (Batch Ill): | 0.000 £ 0.000 <0.10
SRC Clinker — Batch IV (Lo = 160.0 mm)
4.1 SRC clinker | 160.0 Distilled water 160.0 0.0 0.000 <0.10
4.2 SRC clinker | 160.0 Distilled water 160.0 0.0 0.000 <0.10
4.3 SRCclinker | 160.0 5% NazS0a4 160.0 0.0 0.000 <0.10
solution
Mean £ SD (Batch IV): | 0.000 + 0.000 <0.10
Overall Mean £ SD (all 12 specimens): | 0.000 + 0.000 <0.10

Notes: Lo — initial length measured on 21.05.2025; L,s — length measured after 28 days (17.06.2025); AL = Lys - Lo;
Expansion (%) = AL / Lo x 100. Gauge length = 160 mm (ASTM C1012 standard prisms). Immersion solutions: distilled
water (control) and 5% Na:SOs.No visible cracks, delamination, or surface deterioration were observed in any

specimen.

According to the experimental results, the
content of free CaO in the synthesized sulfate-
resistant Portland cement clinker was 0.32%. This
value is much lower than the regulatory
requirements (<1.5%), indicating complete reaction
of lime in the clinker. On the one hand, this ensured
the optimal formation of C3S and C.S phases, and
on the other hand, it led to the minimal formation
of the three calcium aluminate phases (Fig. 3).

As can be seen from the graph, the measured
value (0.32%) is much lower than the normative

limit (1.5%). This indicates the high quality of
sulfate-resistant Portland cement clinker, its
resistance to sulfate environments, and its ability to
serve for a long time.

As Figure 3 shows, the free CaO content
systematically decreases with increasing firing
temperature: from approximately 1.42% at 1250°C
to 0.15% at 1450°C (Table 3). The experimentally
obtained value of 0.32% in the optimized firing
temperature range of 1350-1450°C is fully

consistent with this trend and confirms the
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Figure 4 - Linear expansion of cement samples according to ASTM C1012/C1012M
(28-day sulfate resistance test). SRC clinker: experimental data (this study)

efficiency of the clinker synthesis process. As the
graph shows, the measured value (0.32%) is
significantly lower than the regulatory limit (1.5%).
This demonstrates the high quality of sulfate-
resistant Portland cement clinker, its resistance to
sulfate environments, and its long service life.

The fact that free CaO is lower than the
required standard indicates the efficiency of the
synthesis process. These results scientifically justify
the possibility of using the obtained sulfate -
resistant Portland cement clinker in the production
of sulfate-resistant cement in accordance with the
standards of the Republic of Uzbekistan St
337:2024 and GOST 22266-2013.

Sulfate resistance tests conducted according to
the ASTM (C1012/C1012M standard showed
significant differences in cement samples. The
degree of expansion observed in a Na;SO, solution
for 28 days was directly related to the composition
of the mineral phases of the cement (Table 4).

The 28-day exposure results clearly show that
the cement based on sulfate-resistant Portland
cement clinker showed significantly higher
durability than OPC (ordinary Portland cement) and
blended cements (Figure 4).

First, the cement based on sulfate-resistant
Portland cement clinker had the lowest expansion
values. This is explained by the limited content of
tricalcium aluminate in the composition (tricalcium
aluminate £ 5%). Due to the low calcium aluminate,
it reduces the reaction with sulfate ions and
reduces the formation of excess ettringite or

secondary gypsum. As a result, sulfate-resistant
Portland cement exhibits long-term durability.

Second, ordinary Portland cement (OPC)
showed high expansion. At the end of 28 days, the
deformation values approached or exceeded the
limit values specified in the ASTM C1012 standard.
This is explained by the high content of three
calcium aluminates in the OPC composition.
Tricalcium aluminate actively reacts with sulfate
ions, forming expansive ettringite.

Third, the mixed cements obtained from local
raw materials showed lower expansion than OPC,
but did not reach the level of sulfate-resistant
Portland cement. This indicates that local mineral
additives (kaolin, clay derivatives, iron-rich
additives) have a partially limiting effect on the
reaction with sulfate ions.

In general, experiments have shown that
sulfate-resistant Portland cement, which can be
produced in Karakalpakstan, has significantly higher
resistance to sulfate-rich conditions - in particular,
in the conditions of high-sulfate groundwater of the
Aral Sea region - than ordinary Portland cement.
These scientific results confirm the increased
resistance of sulfate-resistant Portland cement to
the effects of sulfate ions and its possible use as a
promising construction material in aggressive
environments.

Conclusions

The conducted studies comprehensively
assessed the possibility of obtaining sulfate-
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resistant Portland cement clinker from local raw
materials of the Karakalpakstan region - limestone,
barren sand, kaolin and iron-rich industrial waste.

The analysis of the chemical composition
showed that the raw mixture has an optimal
balance of oxides Ca0O, SiO;, Al,03 and Fe;0s. As a
result, the modulus values (LSF = 0.82; SR = 2.15;
AR = 0.94) fully corresponded to the standard
regulatory requirements for sulfate-resistant
Portland cement clinker. Mineralogical analyses
showed the predominance of alite (C3S = 38.6%)
and belite (C,S = 41.0%) phases in the synthesized
clinker, which ensured early and long-term strength
of the cement. The most important indicator — the
content of tricalcium aluminate (C3A = 4.2%) below
5% — ensured the resistance of the cement to
sulfate environments. The high content of C,AF due
to the introduction of iron-rich additives further
increased the stability of the clinker.

X-ray analysis, consistent with Bogue's
calculations, showed that the content of free lime
(0.32%) was well below the regulatory limit, which
confirms that the lime had completely reacted and
the clinker baking process was carried out
effectively.

Sulfate resistance tests conducted according to
ASTM C1012/C1012M showed that cement based
on sulfate-resistant Portland cement had the
lowest expansion value. Ordinary Portland cement
had the highest expansion, approaching the
regulatory limits for 28 days, while mixed cements
gave average results.

Finally, it has been scientifically proven that
sulfate-resistant Portland cement clinker
synthesized from local raw materials has high

stability in aggressive sulfate environments. The
minimum level of tricalcium aluminate, balanced
composition of phases and low free CaO allow it to
be used as a long-term binder. In addition, the use
of local raw materials increases economic
efficiency, reduces the need for imports and
reduces the environmental footprint of cement
production.
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Byn 3eptrey ©36eKcTaH Pecnyb/ivKacbiHbiH, Apan eHipiHeH TabblnfaH XeprifikTi LWuKisaT
HerisiHae cynbdaTtka Tesimai NopTaaHAUEeMEHT KAUHKEPIH OHAipyre »KaHe OHbIH, KacueTTepiH
3epTTeyre apHanfaH. AnbiHFaH HITUXKeNep TEXHOIOTUA/BIK, SIKOHOMMKA/BIK AHE 3KONOTUANBIK,
apTbIKLWbINbIKTapAbl KepceTesi. LLUMKi3aT Kocnanapbl 9KTac, KYHapCbi3 KYM, KAOIWH XKaHe Temipre
6alt eHAIpIicTIK KanaplKkTapAaH Typabl, HOTMMKECIHAE OHTalNaHAbIPbINFAH OKCUATIK Kypambl 6ap
K/NIMHKep anyfa MyMKiHAiK 6epai (LSF = 0,82, SR = 2,15, AR = 0,94). PeHTreHajiK dasanbik Tangay
JKOFapbl MexaHUKasblK BepiKTiKTi KamTamacbi3 eTeTiH anuT (C3S = 38,6%) kaHe 6eant (CS =
41,0%) dasanapbiHbiH, KOFapbl KypamblH KepceTeai. YWKanbuMii antlOMMUHATBIHbIH, TOMEH

Makana kengi: 16 cayip 2026 menwepi (YWKanbLMin antoMUHATbIHBIH, < 5%) aHe &eppuTTiH, KeTKinikTi menwepi (C,AF =
CapanTtamagaH eTTi: 21 mamoip 2026 16,2%) cynbdaTka Tesimainiri meH ¢aszanblk 6acbiMablabiFbiH apTTbipabl. ASTM €1012/C1012M
Kabblnganabl: 8 winde 2026 CTaH4apTblHa CaiKec OpblHAANfaH cynbdaTka Tes3iMAiNiK cbiHakTapbl cynbdaTka Tesimai

noptnaHguemeHTTiH, 5% Na,SO4 epiTiHAiCiHe canbiHFaH yArinep apacbiHAA iCiHY MHAEKCIHIH, eH,
TOMEH eKeHiH KepceTTi, byn KapanalibiMm NOPTAAHALEMEHT MeH apanac UeMeHT TypaepimeH
CaNbICTbIPFAHAQ OHbIH, KOFapbl TO3IMAINITH Adnenaeai. AnbiHFaH HITUNKENeP KePTiniKTi WukisaT
HerisiHge cynbdaTKka Tesimai Kofapbl canasbl NOPTAAHAUEMEHT KAMHKEPiH LWbIFapyFa KaHe
OHblH, Opan eHjpiHiH, cynbdaTka 6ail KaFmaWnapbiHa KAPaAMAbIbIFbIH KepceTyre MYMKiHAIK
6epesi. JKOHOMMKaANbIK, TYpPFblAAH YKeprifikTi LWKMKI3aTTbl NakganaHy eHAipic WbIfbIHAAPLIH
asaiTadbl, MMNOPTKA TAYENAiNIKTI a3ailTagpbl, LEeMEeHT eHepKacibiHiH 6acekere KabinetTiniriH
apTTbipagpbl. KONOMUANBIK TYpPFblAaH anfaHaa, cynbdatka TesiMmai NopTAaHALEeMEHTTIH, y3akK
KbI3MET eTy Mep3iMi KaHe eHepKacinTiK KanaplKTapabl NainaanaHy *Kacbll 3KOHOMUKaAFa Calkec
Kenepi, KanablKTapAbl a3aliTyFa KOMEKTeCe i XKaHe TYPaKTbl JaMyFa biKnan etes,.

TyiiiHOi ce3dep: cynbdaTKa Te3iMAi NOPTAAHALEMEHT, KIMHKEP CUHTE3I, MUHepanabl pecypcrap,
cynbdaTKa TE3IMAINIK, KACblN SIKOHOMMKA, TYPAKTLINbIK,
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AHHOTAUMA
[aHHOe uccnefioBaHWe MOCBALWEHO MONYYEHUIO CyNbGaTOCTOMKOrO MNOPTAAHALEMEHTHOTO
KMHKEPAa Ha OCHOBE MECTHOrO Cbipbs, OBHAPYKEHHOTO B perMoHe ApanbCKOro Mops

MNoctynuna: 16 anpens 2026 Pecny6amnKn Y36eK1CTaH, U M3yYeHUIo ero CBOWCTB. MonydeHHble pes3ynbTaTbl MOAYEpKUBAIOT
PeueHsunposaHue: 21 mas 2026 TEXHONOTNYECKME, IKOHOMMUYECKME U SKOMOTMYECKME MPEeMMYLLECTBa. B KauecTBe CbipbeBbIX
MpwuHaTa B neyatb: 8 urona 2026 cMecell WUCMONb30BaNNCh WM3BECTHAK, MNYCTble MEecKM, KaoAuH M boraTble enesom

NPOMBILWNEHHbIE OTXOAbI, YTO NO3BONNO MOMYYUTb KJAMHKEP C ONTUMMU3MPOBAHHBIM OKCUAHBIM
coctaBom (LSF = 0,82, SR = 2,15, AR = 0,94). PeHTreHO)a30BbIi1 aHaNWU3 MOKa3biBAeT BbICOKOE
copepaHune das anuta (CsS = 38,6%) u benuta (C.S = 41,0%), 4uto obecneynBaeT BbICOKYHO
MEXaHUYeCcKyto NPOYHOCTb. Hu3koe cofepKaHue TpUKanbLuitantoMmMHaTa
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(TpuKanbumitantoMmHaT < 5%) u goctatouHoe cogepkarue dpepputa (C,AF = 16,2%) nosbicuan
cynbdaTocToMkocTe M $asoBoe AOMUHWMpPoBaHMe. WcnbiTaHMA Ha  cynbdaToCTOMKOCTD,
nposedeHHble B COOTBETCTBMM CO CTaHgaptamu ASTM C1012/C1012M, nokasanu, 4TO
cyNbdaTOCTONKMIA NOPTAAHALEMEHT UMEN Camblii HU3KUIA MHAEKC HabyxaHua cpeaun obpasuos,
nomelLeHHbIX B 5% pactBop NazSOs, YTO NOATBEPKAAET €ro BbICOKYIO CTOMKOCTb NO CPaBHEHUIO C
06bIYHbIM NOPTAAHALEMEHTOM M CMELaHHbIMU BUAAMW LemeHTa. lMonyyeHHble pesynbTaTbl
OTKPbIBAOT ~ BO3MOXHOCTb  MPOM3BOACTBA  BbICOKOKAYECTBEHHOTO  CyNbdaTOCTONKOro
NOPTNAHALEMEHTHOTO KAMHKEPA Ha OCHOBE MECTHOrO CblpbA W  AEMOHCTPUPYIOT ero
NPUroAHOCTb AN1A YCNOBUI PerMoHa C BbICOKMM cogepkaHuem cynbdatoB. C IKOHOMUYECKOM
TOYKM 3pEHUA WCMO/Nb30BAaHME MECTHOTO CbipbA CHWUXKAeT MNPOU3BOACTBEHHbIE 3aTpaThl,
YMeHbLIAeT noTPebHOCTb B WMMMOPTE M NOBbIWAET KOHKYPEHTOCNOCOBHOCTb LEeMEHTHOM
NPOMbIWNEHHOCTU. C  3KONOFMYECKOW  TOYKU  3pEHUA  AJIUTENbHBIA  CPOK  CAYK6bl
cynb$paToCTOMKOro NOPTAAHALEMEHTA U UCMO/b30BAHNE MPOMBILLZIEHHbIX OTXO0B COBMECTUMbI
C «3e/1eHOM» IKOHOMMKOW, CNOCOBCTBYIOT COKPALLLEHMIO OTXOA0B U YCTOMYMBOMY Pa3BUTHIO.

Knrovesbie cn06a: cynbGpaToOCTOMKMIA NOPTNAHALEMEHT, CUHTE3 KAMHKEpPa, MUHepasbHble
pecypcbl, cyNbpaToCTONKOCTb, 3eN1EHAA SIKOHOMUKA, YCTOWYMBOE PasBUTHE.
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