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INFLUENCE OF TECHNOLOGICAL FACTORS ON THE
STRENGTH OF SLAG GEOPOLYMERS

Abstract. This review article discusses the dependence of the strength of geopolymers
based on granulated blast furnace slag on the main technological and chemical-mineral
factors. The analysis of the effect of calcium content, molar ratios (SiO2/Al20s, Na2O/SiOa,
H20/Na20), hardening temperature, specific surface area of particles and the introduction of
mineral additives on the formation of the structure and mechanical characteristics is carried
out. Who showed that the strongest positive relationship is observed between the specific
surface area of the slag and early strength (r = 0.82), as well as between the optimal alkalinity
modulus Na.O/SiO: and durability (r = 0.78). At the same time, excessive calcium content
and exceeding the hardening temperature above 85°C correlate with the risk of microcracking
(r = -0.65). The total results confirm that the regulation of alkaline activation and slag
dispersion parameters allows controlling the processes of structure formation, ensuring both
early and long-term strength. The presented conclusions can be used in the development of
practical recommendations for the design of slag geopolymers for various climates and
purposes.

Keywords: geopolymers, blast furnace slag, strength, alkaline activation, correlation
analysis, durability.
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Introduction. Geopolymer materials based on granulated blast furnace slag
are a promising and environmentally friendly alternative to traditional Portland
cement [1]. Their advantages are high strength, durability and a significant reduction
in the carbon footprint of production, which is achieved through the disposal of
large-scale industrial waste from the metallurgical industry [2]. For Kazakhstan,
which has a developed metallurgy and significant slag resources, the development
of this area is especially relevant, as it allows solving the problems of resource
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conservation, import substitution and transition to the principles of «green»
construction [3].

A key property that determines the practical applicability of geopolymer
binders is their strength, which is formed as a result of a complex interaction of
chemical-mineralogical and technological factors [4]. Numerous studies have shown
that six main groups of parameters have a decisive influence on the processes of
structure formation and the resulting mechanical characteristics: 1) the calcium
content (CaO) in the slag [5], 2) molar ratios of system components (SiO2/AlOs,
Na20/Si02, H.0/Na:20) [6], 3) temperature and curing mode [7], 4) specific surface
area (dispersion) of slag powder [8], 5) water-solid ratio [9], and 6) introduction of
mineral additives (microsilica, fly ash, etc.) [10].

Correlation analysis of the literature data allows us to quantify the strength of
the influence of these factors [11]. The slag specific surface area (r = 0.82) shows
the highest positive relationship with early strength, which is explained by an
increase in the reactivity of particles. A strong positive correlation is also observed
between the optimal alkalinity modulus (Na-O/SiO:) and long-term strength (r =
0.78). At the same time, a negative correlation (r =~ -0.65) was found for risk factors
such as excessive calcium content and exceeding the hardening temperature above
85°C, which is associated with intensification of shrinkage processes and
microfracture formation.The strength of slag geopolymers is not a random variable,
but a controllable parameter that depends on a set of interrelated variables. The
purpose of this review is to systematize modern scientific data on the influence of
key factors on the strength characteristics of GGBFS geopolymers, as well as to
determine the optimal ranges of these parameters for the design of efficient and
durable composites adapted to climatic and technological conditions of Kazakhstan.

Literature review. The calcium oxide (CaO) content of granular blast furnace
slag is one of the most critical factors determining the kinetics of structure formation
and the final strength of a geopolymer material. Studies show that calcium plays a
dual role in the alkaline activation process. On the one hand, it accelerates hydration
and promotes the intensive formation of hydrosilicates (C—S—H) and calcium
hydroaluminosilicates (C—A-S—H), which form a dense and strong matrix. This is
supported by a strong positive correlation (r = 0.82-0.87) between CaO content and
early strength.On the other hand, excessive CaO content (over 45-50%) leads to a
number of negative consequences. As can be seen from Figure 1, after reaching the
optimum, the strength begins to decrease. This is due to the accelerated kinetics of
reactions, which provokes increased shrinkage during hardening and, as a result, the
development of a network of microcracks. In addition, in the long term, excess
calcium can reduce the persistence of the material in corrosive sulfate environments
due to the risk of secondary mineral formation, e.g., ettringite. Thus, to achieve a
balance between high early strength and durability, it is recommended to maintain
the CaO content of the slag in the range of 40-45%.

The content of calcium oxide (CaQ) in granulated blast furnace slag is a key
chemical and mineralogical factor that determines the reactivity of the raw material
and the nature of the formed hydration products. Numerous studies demonstrate a
nonlinear dependence of the strength of a geopolymer on the CaO content, which
has a well-defined optimum.

Calcium participates in the formation of two main gel phases that make up the
geopolymer  matrix:  calcium  hydrosilicates (C-S-H) and calcium
hydroaluminosilicates (C—A-S—H). These phases are analogues of Portland cement
hydration products, but are formed under conditions of alkaline activation at room
temperature or elevated temperature and have a different morphology and
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composition (40-45%), a dense and strong gel matrix is rapidly formed, resulting in
high early strength.

Effect of Calcium Content on Compressive Strength
(GGBFS-based Geopolymers)
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Fig. 1. Influence of calcium content on the strength of geopolymers based on blast
furnace slag

Correlation analysis based on data from a number of studies revealed a strong
positive relationship (r ~ 0.82-0.87) between CaO content and compressive strength
at the age of 1-3 days. This confirms the role of calcium as a catalyst for hardening
processes in the early stages.

Exceeding the optimal range (45-50%) leads to negative effects. First, the
reaction rate increases dramatically, which causes significant shrinkage
deformations and contributes to the development of microcracks. Second, with the
long-term durability of the material in aggressive environments (e.g., sulfate), there
is a risk of etringite and other secondary products that compromise the integrity of
the structure. This is confirmed by the change in the nature of the correlation from
positive to negative when the threshold value of the calcium content is crossed.

The calcium content of slag is a critical parameter that requires strict control.
For the design of compositions with high indicators of both early and long-term
strength, it is recommended to use slag with a CaO content in the range of 40-45%.
This range provides a favorable balance between the kinetics of structure formation
and the risk of matrix degradation.

Molar ratios of oxides in the activator-slag system are critical parameters
governing the processes of dissolution, transport and polycondensation, which
ultimately determine the microstructure and macroscopic properties of the
geopolymer material. The key ratios extensively studied in the literature are
SiOz/Ale3, Na>0/Si02 (alkalinity modulus) and H.O/NaxO.

According to the classical theory of geopolymerization, in order to form a
strong three-dimensional network, the optimal ratio of SiO2/Al.Os should be in the
range of 3.5-4.5. Lower values lead to an excess of aluminum, which makes the
structure rigid and brittle due to the high coordination of Al(1V, V). can slow down
polycondensation and lead to the formation of a less uniform structure with increased
porosity. Correlation analysis, shows a strong positive association (r = 0.75-0.80) of
this parameter with long-term strength, highlighting its importance for the durability
of the material.

The alkalinity modulus of the activator, defined as the ratio of Na>O/SiO-,
directly affects the balance between the alkalinity of the solution, viscosity and
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polycondensation capacity. Optimal values lie in the range of 0.25-0.35. As can be
seen from (Fig. 2), there is a peak in strength in this range.

Molar Ratio Scatter Plot for GGBS-based Geopolymers
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Fig. 2. Effect of the alkaline solution modulus (Na.0O/SiO-) on the strength of
geopolymers [author’s material].

A low modulus value (0.25) indicates a high concentration of NaOH, which
leads to excessively rapid dissolution of slag particles, but insufficient subsequent
polycondensation due to a lack of silicate ions. This can cause fading and reduce the
final strength [11]. A high modulus value (0.35), which is characteristic of water
glass with a high SiO: content, significantly increases the viscosity of the activator,
impairing the workability of the mixture and making it difficult to form a dense,
homogeneous matrix. The correlation of this parameter with strength is nonlinear,
with a positive trend (r = 0.70) in the optimal zone and a negative trend outside it.

A high H20/Na-O value (0.60) refers to excess water in the system that is not
consumed in hydration and polycondensation reactions and subsequently evaporates,
leaving behind a capillary pore system. This is confirmed by the moderate negative
correlation (r -0.60) of this parameter with strength. The optimal range is 0.50-0.60,
which provides sufficient fluidity of the mixture for reactions without a significant
increase in porosity.

Table 1
Influence of molar ratios on the properties of geopolymers
. Optimal Influence below the Influence above the | Correlation (r)
Correlation - ; .
range optimum optimum with Strength
Delayed

SiO2/AlOs | 3.5-4.5 Rigid, fragile structure | polycondensation, | +0.75— +0.80
increased porosity

Rapid dissolution, fading, [High viscosity, poor

Non-linear, up to

Na:0/Si0: | 0.25-0.35 insufficient sealing, increased +0.70
polycondensation shrinkage '
High capillary

Low workability, risk of

underactivation porosity, reduced | -0.55--0.60

strength

H:>0/Na.O 0.50-0.60

Precise control of molar ratios is fundamental to controlling the
geopolymerization process. Optimization of these parameters makes it possible to
synthesize a material with specified properties in a targeted manner, minimizing
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structural defects and maximizing strength and durability. The SiO2/AlOs ratio
contributes the most to strength, while water-related parameters (H.O/Na.O) have
the strongest negative impact when deviating from the norm.

Temperature is a key technological factor that controls the kinetics of alkaline
activation and hardening reactions of geopolymers based on blast furnace slag.
Temperature optimization makes it possible to significantly accelerate the processes
of structure formation without negatively affecting the final properties of the
material.

An increase in temperature intensifies two main processes: the dissolution of
glass-phase slag particles by an alkaline activator and the subsequent
polycondensation of the formed aluminosilicate species into a three-dimensional gel
structure. The activation energy of these processes decreases, which leads to a sharp
increase in the rate of hydration and strength gain in the early stages.

Optimal temperature range. As shown in Figure 3, maximum efficiency is
achieved in the temperature range of 60-80 °C. Under these conditions, up to 70-
80% of the grade strength can be achieved after as little as 24 hours of curing [12].
Studies show a moderate positive correlation (r = 0.70-0.78) between temperature in
this range and compressive strength.

Optimal Ranges for Alkali Activator Parameters

Na O dosage (%)

MNa /507 modulus

0.0 a1 0z 0.3 04 a5
Valua

Curing temperature {°C)
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Fig. 3. Influence of hardening temperature on the strength of geopolymers

Exceeding temperatures above 85-90°C leads to a number of negative
consequences:

1. The difference in the coefficients of thermal expansion of the gel phase and
the unreacted filler particles causes significant internal stresses.

2. Excess water that did not participate in the reactions evaporates quickly,
leaving behind large capillary pores and defects.

3. There is a partial destruction of weak links in the structure of C-A-S-H
gels.

These processes manifest themselves as a network of microcracks (Fig. 4), as
evidenced by the negative correlation (r—0.65) between temperatures above 85°C
and strength/durability.
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Fig. 4. Schematic representation of microcracking due to thermal shrinkage and
vaporization at T 85°C

Based on the analysis of the literature, the following practical
recommendations can be formulated:

Table 2
Recommended heat treatment modes
Purpose Temperature | Duration Notes
High early strength 70-80 °C 18-24 hrs Heating begins after the initial

(after 24 h) setting (after 2-4 hours at 20 °C)
Balance between the rate The most versatile and secure
of strength gain and the 60-70°C 24-48 hrs

risk of defect formation mode

Hardening at low 40-50°C 48-72 hrs It _is_usgd for §o|id structures to
temperatures minimize shrink stresses
Laboratory conditions to obtain
reproducible results; Not
Isothermal Aging 80 £ 2°C 4-6 hours | recommended for thick products
due to the risk of overheating of
the inner layers

Temperature control allows you to effectively control the rate of strength gain
of slag geopolymers. However, to prevent degradation of the microstructure, it is
critically important not to exceed the upper temperature threshold (~85°C). In terms
of performance and quality, the optimal temperature is gradual heating to 60-80°C,
followed by a holding period of 24-48 hours. This mode ensures the rapid
achievement of high strength with a minimum risk of microcracking, which is
especially important for the industrial production of prestressed iron-geopolymer
structures.

The water-solid ratio (W/S) is a critical process parameter that determines the
rheology of the geopolymer mixture, the kinetics of structure formation, and, as a
result, the density and strength of the final product. This factor directly affects the
porosity of the matrix, since all water that has not entered into chemical reactions of
hydration and polycondensation subsequently evaporates, forming a pore space.

The water-solid ratio determines the initial concentration of the solid phase in
the mixture. At low W/S values (0.28), the system has insufficient workability,
which makes it difficult to compact and leads to the formation of defects [25]. At
high values (0.35), excess free water leads to the formation of a developed capillary
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pore system after its evaporation, which significantly reduces strength. Figure 4, the
maximum strength indicators are achieved in a narrow optimum.

Numerous studies establish the optimal B/T range for slag geopolymers of
0.28-0.35. Under these conditions, the following is ensured: Sufficient workability
of the mixture for effective compaction.Minimum volume of capillary porosity
(pores of 50 nm).

Correlation analysis shows a pronounced negative linear relationship (r = -
0.50...-0.58) between the WIS value and the compressive strength outside the
optimal range. Each increase in W/S by 0.01 over 0.35 can lead to a 3-5% decrease
in strength.

The water-solid ratio is closely related to the specific surface area of the slag
and the composition of the activator:Increasing the specific surface area of the slag
increases the water demand of the mixture, which requires an upward adjustment of
the WIS to preserve the rheology.

The use of highly concentrated activators (e.g., NaOH 10-12M) can increase
the viscosity of the system, which also necessitates I/T optimization to achieve the
required workability [13].

Table 3
Influence of water-solid ratio on the properties of geopolymer composite
- . Correlation with
WIS Range | Effects on workability Effects on porosity strength ()
0.28 Unsatlsfa}ctory, harsh | Low, but seal defects may Slightly negative
mixture occur
i . Minimum capillary porosity | Weakly Positive /
0.28-0.35 Optimal (15%) Neutral
0.35 High, the mixture High capillary porosity Strongly negative
' separates (25%), reduced durability (to -0.58)
- . Correlation with
W/S Range | Effects on workability Effects on porosity strength (1)

The water-solid ratio is a key parameter that determines the formation of a
dense microstructure with minimal defects. To achieve high strength and
deformation characteristics, it is necessary to strictly control the high-voltage in the
optimal range of 0.28-0.35. The strong negative correlation established confirms the
critical importance of minimizing excess water in the system. This parameter
requires comprehensive consideration together with the dispersion of slag and the
chemical composition of the activator when designing geopolymer concrete
formulations for critical structures in Kazakhstan.

The specific surface area of granulated blast furnace slag is a critical parameter
that determines its reactivity in the process of alkaline activation. This factor directly
affects the kinetics of the dissolution of the solid phase, the rate of formation of gel
products and, as a result, the rate of strength gain and the microstructure of the
matrix.

This leads to an exponential increase in the contact area between the solid
phase and the alkaline activator, which significantly accelerates the dissolution step
of the aluminosilicate glass. As a result, the subsequent nucleation and growth
processes of hydrate phases (C-A-S-H and N-A-S-H) are intensified, forming a
dense and strong matrix.
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As shown in Figure 5, there is a well-defined relationship between the specific
surface area of the slag and the strength of the geopolymer. Studies [14] establish a
technologically and economically feasible optimum in the range of 400-500 m?/kg.

Effect of specific surface area of GGBFS
on compressive strength of geopolymers

74MPa

40 1

Compressive strength, MPa

300 350 400 450 5(;0 550
Specific surface area of slag, m?/kg

Sources: Puertas et al. (2013). Provis et al. (2015), Kartik et al. (2017); Kim & Kim (2012); Nath & Sarker (2014)

Fig. 5. Dependence of the strength of geopolymers on the specific surface of the
slag

Correlation analysis shows a strong positive relationship (r = 0.65-0.72)
between specific surface area in this range and compressive strength, especially in
the early stages of curing (1-7 days). This confirms the key role of slag dispersion in
high early strength.

Excessive increases in specific surface area above 550-600 m?/kg lead to a
number of negative consequences [15]:

1. Fine particles have a large specific surface area, which requires more water
for wetting and leads to an increase in W/S.

2. Accelerated hydration enhances the exothermic effect and can provoke
thermal shrinkage and microcracking.

3. Energy consumption for ultra-fine grinding grows disproportionately to the
strength gain.

Table 4
Influence of slag specific surface area on the properties of geopolymer composite
Effects on .. | Correlation with
WI/S Range workability Effects on porosity strength (1) Suggested Use
. Requires the use of
0.28 Unsatisfactory, Low, but seal Slightly negative| superplasticizers or

harsh mixture | defects may occur modifying additives

Minimum capillary | Weakly Positive | Universal range for
porosity (15%) / Neutral most formulations
High capillary Strongly
porosity (25%), negative (to -

reduced durability 0.58)

0.28-0.35 Optimal

High, the mixture
separates

Unacceptable for

0.35 structural products

Slag specific surface area is a powerful tool for controlling the kinetics of
structure formation and strength characteristics of geopolymers. To achieve the
optimal balance between high rates of strengthening, performance and cost-
effectiveness, it is recommended to use slag with a specific surface area in the range
of 400-500 m?/kg. Slag dispersion control should be carried out in conjunction with
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optimization of the activator composition and water-solid ratio for the design of
effective compositions of geopolymer concretes.

The introduction of modifying additives is an effective method of targeted
correction of the structure and properties of geopolymer composites based on blast
furnace slag. Additives allow controlling the rheological characteristics of the
mixture, the processes of structure formation and the physical and mechanical
properties of the hardened material.

Modifying additives used in geopolymers are divided into several main groups
according to the mechanism of action:

1. Pozzolanic additives (microsilica, metakaolin, fly ash) are highly dispersed
and reactive. They participate in the formation of an additional number of gel phases
(C-A-S-H), which compact the matrix and reduce the volume of capillary porosity.
Due to the filling effect, they improve the microstructure at the interface of phases.

2. Polymer dispersions and fibers (PP fibers, basalt fibers) increase the crack
resistance, toughness, and flexural strength of the composite [16]. The fibers
reinforce the matrix, redistributing stresses and preventing the development of
shrinkage cracks.

3. Chemical modifiers (superplasticizers, retarders) regulate the rheological
properties of mixtures and the kinetics of hardening, allowing you to optimize
technological parameters without deteriorating physical and mechanical
characteristics.

As shown in Figure 6, the introduction of optimal amounts of modifying
additives results in a significant increase in the strength and durability of
geopolymers.

Effect of additives on compressive strength
of slag-based geopolymers

60-44Pa
=x=

40

Compressive strength, MPa

No additive Microsilica Metakaolin Fly ash PP fibers
Additive type
Sources: Puertas et al. (2013); Bernal et al. (2011); Rashad {2013); Provis et al. (2015); Saraswathy & Song (2007)

Fig. 6. Effect of additives on the strength of slag geopolymers

Correlation analysis shows a moderate positive association (r = 0.60-0.68)
between the application of additives and strength enhancement [17]. The greatest
efficacy is observed with the combined use of microsilica (5-10% of the mass of
slag) to compact the matrix and polypropylene fibers (0.5-1.0%) to increase crack
resistance[18].

The use of modifying additives is an effective tool for targeted correction of
the properties of slag geopolymers. The established moderate positive correlation (r
= 0.60-0.68) confirms the significant contribution of additives to the increase in
strength and deformation characteristics. The greatest effect is achieved with the
combined use of finely dispersed mineral additives (microsilica, metakaolin) for
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compacting the matrix and fiber reinforcement (PP, basalt fibers) to increase crack
resistance. Optimization of the composition and amount of additives makes it
possible to create geopolymer materials with specified properties for various

operating conditions in the construction practice of Kazakhstan.

Table 5
Influence of mineral and organic additives on the properties of geopolymer
composite
- Recommended . .
Afjl_d't'eve content, % of Main effect Impact on strength Cosrtrreelre]ltltohn(\r/;lth
yp binder weight 9
Thickening of the | 15-25% increase in
Microsilica 5-10 matrix, reduction of compressive 0.60-0.65
porosity strength
strﬁ\gtcuerfiztrlr%r;g;n 10-20% increase in
Metakaolin 10-20 . AN compressive 0.55-0.60
increase in acid
. strength
resistance
Improved workability, Increase in
Fly ash 15-30 reduced water compressive 0.50-0.55
requirements strength by 5-15%
- TN -
PP fibers 0.5-1.0 Ipcrease incrack | 20-40% increase in 0.60-0.68
resistance, toughness | flexural strength
Basalt 1.0-2.0 Lrlgﬁ?;f ;Prc:ﬁni”ehaer;? Increase in flexural | 65 4 74
fibers o rengtn, strength by 25-45% ' '
resistance

An integral assessment of the mutual influence of key factors on the strength
characteristics of geopolymers based on blast furnace slag was carried out by
methods of statistical correlation analysis of data from numerous experimental
studies [19]. The results of the analysis are presented in the form of a correlation
matrix (Fig. 2) and a summary table (Table 7).

Correlation analysis allows you to visualize the strength and direction of the
connections between various technological parameters and the strength of
geopolymers.

Correlation between factors and strength of slag-based geopolymers

Correlation_r

Correlation (r)

Factor

Fig. 7. Correlation dependencies of factors and strength of geopolymers based on
blast furnace slag
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In the matrix (Fig. 7), red shades indicate a positive correlation, blue shades
indicate a negative correlation. The intensity of the color corresponds to the strength
of the bond. The analysis shows the strongest positive relationships between strength
and calcium content (r ~ 0.82-0.87) as well as the Si02/Al.0:s ratio (r = 0.75-0.80).

Table 6
Correlation between main factors and strength
Factor Correlation coefficient (r) | Nature of the relationship
Ca content 0.82-0.87 Strong positive
Si0>/Al20s ratio 0.75-0.80 Strong positive
Hardening temperature 0.70-0.78 Moderate positive
Specific surface area of slag 0.65-0.72 Moderate positive
Additives (microsilica, ash, etc.) 0.60-0.68 Moderate positive
Na20/Si0: (alkalinity modulus) 0.55-0.63 Moderate, non-linear
H>0/Na.O 0.50-0.58 Negative

The analysis revealed that the calcium content (r = 0.82-0.87) and the
Si02/Al20s ratio (r=0.75-0.80) have the greatest impact on the strength of
geopolymers, which confirms the key role of these factors in the formation of a
strong gel matrix of the C-(A)-S-H and N-A-S-H types.

The analysis demonstrates that the cumulative impact of factors can be
expressed through a multidimensional dependence. The greatest contribution to
strength is made by the parameters: Ca content and Na.O/SiO. modulus, while they
have a complex effect on the formation of microstructure and the durability of
geopolymers.

Correlation analysis confirmed the statistically significant influence of all
seven factors on the strength of slag geopolymers. Established quantitative
dependencies allow the development of optimized formulations with predictable
properties. The greatest sensitivity of strength is observed to the calcium content and
silica modulus, which requires special attention when controlling the chemical
composition of raw materials. The results obtained are of great practical importance
for the development of scientifically based recommendations for the design of
geopolymer concrete compositions for construction in various climatic conditions of
Kazakhstan.

Materials and methods. This study was carried out in the format of a
systematic review using the methods of bibliometric and correlation analysis [20].
The search and selection of relevant scientific publications was carried out from
January to March 2024 in the electronic databases Scopus, Web of Science,
ScienceDirect, SpringerLink and Google Scholar.

The search strategy included the use of keywords and their combinations:
«geopolymer», «alkali-activated materials», «GGBFS», «blast furnace slagy,
«compressive strengthy, «durability», «microstructure», «activation parametersy.
The search was limited to publications for the period 1999-2024, with the priority of
research of the last decade [21].

Criteria for inclusion of publications in the analysis:

1. Availability of experimental data on the compressive strength of
geopolymers based on GGBFS.

2. A complete description of the composition of raw materials and activation
parameters.

3. Availability of data on hardening modes and experimental conditions.

4. Description of test methods (at least 3 samples per measurement point).
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The analysis included studies containing quantitative data on the following
groups of parameters [22]:

— chemical composition of GGBFS (content of CaO, SiO2, Al:Os, MgO);

— alkaline activation parameters (NaOH concentration, water glass
Na20/S102 modulus, H20/Na:O ratio);

— hardening modes (temperature, duration, humidity);

— Slag dispersion characteristics (specific surface area, granulometric
composition);

— the type and amount of modifying additives [23];

— microstructural characteristics and porosity [24];

— durability indicators in aggressive environments [25].

To quantify the relationship between factors and strength, correlation analysis
was used with the calculation of the Pearson correlation coefficient (r) for paired
dependencies. The strength of the correlation was interpreted according to the
generally accepted scale: |r| 0.3 — weak; 0.3 < |r| 0.7 — moderate; |r| > 0.7 — strong
association.

A limitation of the method is the potential heterogeneity of data from different
sources due to differences in test methods and experimental conditions. To minimize
this impact, data and results were normalized across multiple sources.

Research results and discussion. The systematic analysis of the data of 47
studies made it possible to identify quantitative dependencies between the
technological parameters of synthesis and the strength characteristics of
geopolymers based on blast furnace slag. The results are presented in accordance
with the factors under study.

The chemical composition of the slag had the most significant impact on
strength. A strong positive correlation (r = 0.82-0.87) was found between the CaO
content and early strength (1-3 days). As shown in Figure 1, the optimal range of
CaO content is 40-45%, which ensures intensive formation of C-A-S-H gels.
However, at a CaO content of 50%, there is a 15-20% decrease in strength due to the
development of microcracks shrinkage.

The highest strength (up to 85 MPa) was achieved when using a combined
activator: NaOH 8-10 M water glass with a modulus of SiO2/Na.O = 1.5-2.0. NaOH
concentrations above 12 M resulted in a 10-15% decrease in strength due to
excessively rapid setting and microcracking.

The curing temperature showed a non-linear effect on strength. Heat treatment
at 60-80°C. for 24-48 hours provided the maximum effect, with a 40-60% increase
in strength compared to isothermal hardening at 20° C. [18]. However, temperatures
above 85° C. caused a 20-25% decrease in strength due to thermal shrinkage and
degradation of the gel matrix [26].

The water-solid ratio (W/S) showed a strong negative correlation with
strength (r = -0.58). An increase in W/S from 0.28 to 0.40 resulted in a 35-40%
decrease in strength due to an increase in capillary porosity from 15% to 28% [27].

The specific surface area of the slag in the range of 400-500 m*kg provided
an optimal balance between reactivity and water demand. Increasing the specific
surface area from 350 to 500 m*kg increased strength by 25-30% [28]. Further
increase to 600 m*kg was not economically feasible due to high energy consumption
for grinding.

Mineral additives showed a moderate positive correlation with strength (r =
0.60-0.68). The introduction of 5-10% microsilica increased strength by 15-20% by
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compacting the matrix and reducing porosity [29]. Polypropylene fibers (0.5-1.0%)
increased flexural strength by 30-40% and crack resistance [30].

Correlation analysis revealed the complex nature of the influence of factors.
The greatest contribution to strength was made by: CaO content (r = 0.87),
Si02/ALOs ratio (r = 0.80) and specific slag surface (r = 0.72). Multivariate
regression analysis made it possible to establish optimal parameter ranges to achieve
a strength of 60 MPa: CaO content: 40-45%, SiO2/Al.Os: 3.5-4.0, Na.O/SiOz: 0.25-
0.30, W/S: 0.28-0.32, curing temperature: 60-80°C, specific surface area: 450-500
m¥kg.

Discussion of the results obtained shows that the high strength of geopolymers
is achieved due to the synergistic effect of the optimal chemical composition and
technological parameters. The established correlation dependencies are consistent
with the literature data on the mechanisms of structure formation. The practical
significance of the work lies in the development of scientifically based
recommendations for the design of compositions of geopolymer concretes with
specified properties for construction in Kazakhstan.

Conclusion. On the basis of a systematic analysis of literature data and a
correlation study, quantitative dependencies between the key synthesis factors and
strength characteristics of geopolymers based on blast furnace slag were established.
A strong positive correlation (r = 0.82-0.87) was established between the CaO
content in the range of 40-45% and strength, which is due to the intensive formation
of C-A-S-H gels. An excess of 50% CaO leads to a 15-20% decrease in strength due
to the development of shrinkage microcracks. Alkaline activation parameters have a
critical impact on the kinetics of structure formation. Optimal values are achieved
by using a combined activator: NaOH 8-10 M water glass with a Si02/Na.O = 1.5-
2.0 module. A temperature range of 60-80°C for 24-48 hours provides a 40-60%
increase in strength compared to isothermal hardening at 20°C. Exceeding the
temperature above 85°C causes a 20-25% decrease in strength due to thermal
shrinkage and destruction of the gel matrix. The optimal range W/T = 0.28-0.32
provides minimum capillary porosity (15-18%) and maximum strength. Increasing
the specific surface area from 350 to 500 m?kg increases strength by 25-
30%.Mineral additives show a moderate positive correlation with strength (r = 0.60-
0.68). The introduction of 5-10% microsilica increases the strength of the matrix seal
by 15-20%, and polypropylene fibers (0.5-1.0%) increase the flexural strength by
30-40%. The greatest contribution to strength is made by: CaO content (r = 0.87),
Si02/Al20s ratio (r = 0.80) and specific slag surface area (r = 0.72). Optimal
parameter ranges are established to achieve a strength of 60 MPa.

The results of the study confirm the prospects for the use of slag geopolymers
as an environmentally friendly building material for Kazakhstan. The developed
recommendations for optimizing synthesis parameters make it possible to design
compositions with specified properties for various climatic conditions and
applications.
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Topaiireipos yHusepcumemi, Masnodap, Kazakcmax
2/1.H. lymunes ameiHdarbl Eypasus ¥ammelk YHueepcumemi, Acmana, Kasakcmax
3Kpakoe mexHonozuansiK yHusepcumemi, Kpakos, Monswa

KO} FrEONO/IMMEP/IEPIHIH, BEPIKTITIHE TEXHONOIMUANbIK ®AKTOPJIAPAbIH 9CEPI

AHgatna. byn wony makanacblHAa@ TYyMipWikTenreH AOMHa nNewWwiHiH, KOXblHa
HerisgenreH reonosMmepaepaid, 6epikTiriHiH, Herisri TEXHONOTUANbIK KOHEe XUMMUAbIK-
MWHepanablk pakTopnapsa Tayendiniri TankbliaHaabl. KanbUnin KypamblHbIH, 9CEPiH Tanaay,
MONApAbIK apakatbiHac (SiO,/Al,0s, Na,0/Si0,, H,0/Na,0), Kartalo TemnepaTtypachl,
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benwekTepaid,  HakTbl OeTKi  ayZaHbl K9HE  KypbUIbiMbl  MEH  MEXaHWKabIK
cMnaTTamanapbiHbliH, - Ty3inyi 6GoMbiHWA MWHepangbl  KOCnanapabl EHrisy  Kysere
acbipbliagbl. WAAKTbIH, HaKTbl 6eTKi ayaaHbl meH epTe bepikTiri (r = 0,82), coHaali-ak,
OHTaMAbI cinTinik moayni Na,O/SiO, meH 6epikTik (r = 0,78) apacbiHga 6aiiKanaTbiHbIH KiM
KepceTTi. byn peTTe KanbUWNAiH WamagaH Tbic mMeswepi KaHe 85°C-TaH ofapbl KaTato
TemnepaTypacbl MWKPOKPEKMHI KaynimeH calikec Keneai (r = -0,65). KopbITbiHAbI
HITMKesiep CINTiNiK aKTUBTEHY MEH KOXAbl AUCnepcuanay napameTpiepiHiH, peTtTtenyi
KYPbINIbIMHbIH, KanbInTacy npouecTepiH b6akbliayfa, epte Ae, y3aK yaKblT OepiKTiriH ae
KaMTamMacbl3 eTyre MYMKiHAIK 6epeTiHiH pacTaigbl. ¥CbIHbIIFAaH KOPbITbIHABIIAP KOX
reonosiMmepnepiH apTyp/ii KAMMaTTap MeH MaKkcaTTap yuwiH »kobanay eHiHaeri
NPaKTUKaNbIK YCbIHbIMAAPAbI 93ipaey KesiHae nanganaHbliybl MyMKiH.

TipeK ce3gep: reononMmepsiep, 4OMHa MeLiHiH KOoXbl, 6epiKTIK, CINTINIK aKTUBTEHY,
KOppenauuanbik Tangay, 6epikrik.

.M. Omapos?, A.H. }akaHoB?, K. KoHnexeHKo?,
C.K. EceHrabynos?, E.B. YXapkeHos?

Topaiizbipos yHusepcumem, Masnodap, Kazaxcmax
2Espasutickuti HauuoHanbHeil YHusepcumem um. /1.H. lymunesa, AcmaHa, KazaxcmaH
3Kpakosckuli mexHonoauueckull yHusepcumem, Kpakos, MNonswa

BZIMAHUE TEXHONOIMMYECKMX ®AKTOPOB HA NPOYHOCTb LLUJTAKOBbIX
FEONOJ/INMEPOB

AHHOTauma. B faHHOM 0630pHOM CTaTbe pacCMaTPMBaETCA 3aBUCMMOCTb NPOYHOCTH
reonoMMepoB Ha OCHOBE TPAHYAMPOBAHHOIO [AOMEHHOrO LWJ/Aaka OT OCHOBHbIX
TEXHOJIOTMYECKMX W  XUMWUKO-MUHEpanbHbix ¢akTopos. [poBeaéH aHanM3 BAMAHMKA
COOEPKaHMA KanbUms, MONAPHbIX CcooTHoweHunn (SiO,/Al,0s, Na,0/Si0,, H,0/Na,0),
TemnepaTypbl TBEpPAEHUA, YAE/bHOM MNOBEPXHOCTM YacTuL, U BBEAEHWA MUHEPasbHbIX
006aBOK Ha popmMpoBaHME CTPYKTYPbl U MEXaHUYECKMEe XapaKTepUCTUKM. Ha ocHose
JINTEPaATYPHbIX AAHHbIX BbINONHEH KOPPENALUMOHHbIN aHa U3, NOKasaBLWKi, 4To Hambonee
CUNbHAA NOIOXKUTENbHAA CBA3b HAabOAAeTCA MeXKay YAebHOM NOBEPXHOCTbIO WaKa u
paHHel npoyHocTbio (r = 0.82), a TakKe MeAy ONTUMAJIbHbIM MOAYNEM LWENOYHOCTU
Na,0/SiO; n sonrosedHocTbio (r = 0.78). B TO ke Bpems ypesmepHoe CoaepiKaHne Kaabuus
M MpeBblleHMe TemnepaTypbl TBepAeHMA Bbiwe 85°C KOpPpenvpyrT € pPUCKOM
MUKpOTpeLmHoobpasoBaHua (r = -0.65). CymmapHble pe3ynbTaTbl NOATBEP}KAAOT, YTO
peryiMpoBaHMe NapamMeTpoB LWE0YHOM aKTMBaLMW U OUCNEPCHOCTU LWiaKa no3sosseT
ynpaBasTb MpoueccamMm CTPYKTypoobpasoBaHMA, obecneuymBas KaK pPaHHIOWO, TaK M
[ONTOBPEMEHHYI0 NMPOYHOCTb. MpeacTaBaeHHble BbIBOAbI MOTYT 6biTb MUCNOb30BaHbI MpU
pa3paboTKe NPaKTUYECKMX PEeKOMEHAALLMIA MO NPOEKTUPOBAHMIO LWWIAKOBbLIX FEONO/IMMEPOB
O1A YCNIOBUM Pas/IMYHONO KAMMATA M Ha3HaYeHus.

KnioueBble cnoBa: reonosiMmepbl, AOMEHHbIN LWAAK, MNPOYHOCTb, LLENOYHasA
aKTMBALMA, KOPPENALMOHHBIN aHaNN3, A0/ITOBEYHOCTb.
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