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Abstract. The results of experimental studies aimed at improving the strength characteristics of cement stone and fine-

grained self-compacting concrete through the use of polyfunctional modifying additives based on nano-silicon dioxide 

(nano-SiO2) and micro-dispersed mineral components are presented. It was established that the introduction of 0.03% 

nano-SiO2 by weight of cement increases the compressive strength of cement stone by up to 32%, which is associated 

with the intensification of clinker mineral hydration processes, the formation of an additional amount of low-base calcium 

hydrosilicates, and an increase in the number of crystallization centers in the early stages of hardening. The effectiveness 

of the combined use of nano-SiO2 with microsilica and micro-calcite, which are similar in composition to cement but 

differ in structure and functional activity, has been experimentally confirmed. The use of two-component systems made 

it possible to increase the flexural strength of cement stone by up to 29% compared to the reference samples. The greatest 

effect was achieved by adding a polyfunctional three-component additive, including nano-SiO2, microsilica, and micro-

calcite, to the composition of fine-grained self-compacting concrete. The use of this system increased the compressive 

strength of concrete by 44% (to class B60) and the flexural strength by up to 12.5 MPa (an increase of 53.7% relative to 

the reference composition). It was additionally established that the complex of additives contributes to the acceleration of 

self-organization processes in the early stages of hardening by increasing the density of crystallization centers and a more 

uniform distribution of hydration products in the cement matrix volume. 

Keywords: fine-grained self-compacting concrete, strength, calcium hydrosilicates, cement hydration, additives. 

 
1. Introduction 

 

Fine-grained self-compacting concrete (SCC) is a promising area in the field of building 

materials, focused on creating compositions with improved processability and performance 

characteristics. Such concretes eliminate the need for mechanical compaction during laying, ensure 

high fluidity of the mixture, uniformity of structure, and surface quality without additional labor costs. 

However, in the production of fine-grained SCC, a number of key issues remain unresolved, including 

insufficient flexural strength, a tendency to delamination, increased water demand, and cement 

consumption, leading to increased shrinkage and reduced durability of the material. One potential 

solution for that is the use of fibers of various compositions and structures [1]. Experience with fiber-

reinforced concrete [2] shows that the rational areas of application for such concrete are a specific 

range of monolithic and precast concrete products, as well as the manufacture of impact-resistant and 

bendable structures using fiber to eliminate the use of additional reinforcement. 

Compliance with requirements for achieving high operational quality indicators for concrete 

and reducing material and energy costs in the production of concrete mixtures and products based on 

them makes research in the field of obtaining modern types of concrete, such as high-performance 

concrete according to [3], relevant. The use of such concretes makes it possible to simultaneously 

reduce the costs of production and operation of load-bearing structures and ensure high reliability of 

buildings or structures regardless of external environmental conditions. The main quality indicators 

https://doi.org/10.54355/tbus/5.4.2025.0089
https://technobius.kz/
mailto:d.a.akhmetov@satbayev.university
https://orcid.org/0000-0001-9487-2018
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https://orcid.org/0000-0002-4044-5675
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of such concrete should be increased strength (over 55 MPa), durability, and mobility (P5-P6) at a 

water-cement ratio (W/C) not exceeding 0.4 [4]. 

Problems of structural instability and porosity, characteristic of fine-grained self-compacting 

concrete systems, are particularly relevant when using fine aggregates and a low water-cement ratio. 

Sedimentation pores and capillary structure have a significant impact on water permeability, frost 

resistance, and resistance to external aggressive influences. In addition, the uneven distribution of 

mixture components and high water mobility in fresh concrete lead to the formation of a surface layer 

with an increased water-cement ratio, which impairs the mechanical and operational properties of the 

hardened material [5]. 

Current research in the field of self-compacting concrete focuses on finding effective solutions 

aimed at optimizing the structure of cement stone and reducing the volume of free water. One such 

solution is the use of polyfunctional modifying additives, including active mineral and nanodispersed 

components, as well as the latest generation of superplasticizers. These additives not only improve 

the rheological properties of the concrete mix but also contribute to the intensification of hydration 

processes, the formation of a denser structure, and a reduction in permeability. Particular attention is 

paid to triple systems combining microsilica, nanosilica, and chemical additives capable of initiating 

the formation of low-base calcium hydrosilicates and minimizing the content of free calcium 

hydroxide [6]. 

The emergence of special cements on the market, such as low water demand (LWD) binders 

and other types of cements, played an important role in the creation of high-strength concretes, 

initiating the possibility of obtaining concretes with high strength and other new qualitative 

operational characteristics [7]. 

In [8], the term “Reactive Powder Concrete” (RPC) was used for the first time, the main 

principle of which is to ensure a uniform concrete structure by replacing coarse aggregate in mixtures 

with fine-grained aggregate, compacting the mixture by optimizing the granulometric composition of 

the aggregate, using finely dispersed fillers and complexes of modifying additives, as well as using 

intensive methods of hardening the concrete mixture, which allows obtaining concrete with high 

performance characteristics (strength of 60-120 MPa, high durability of hardened concrete, frost 

resistance of at least F 400 and above, water resistance of at least W12). The component composition 

of such concrete is: Portland cement, microsilica (15-20% of the cement mass), fine-grained sand 

with a fraction of 0.3 mm (40-50% of the cement mass), and superplasticizer (2-3%) at 

W/(C+Microsilica) 0.12-0.15. The disadvantage of such concrete is that its strength largely depends 

on the hardening conditions and the high consumption of superplasticizer. 

Despite significant progress in this area, the complex effect of nano- and micro-dispersed 

additives on the structure and properties of fine-grained cement-based mixtures, as well as the 

mechanisms of strength characteristic formation in the early stages of hardening, remains 

insufficiently studied. Special attention should be paid to evaluating the effectiveness of such 

modifying systems under conditions of minimal cement and water consumption, which is important 

for improving the energy efficiency of construction production. 

This study is aimed at developing and substantiating the composition of fine-grained self-

compacting concrete using polyfunctional additives based on microsilica, nano-SiO2, and other active 

components that provide a comprehensive improvement in physical, mechanical, and technological 

properties. 

 
2. Methods 

 

The research methodology is based on the systematic application of scientific approaches 

focused on the development and optimization of concrete compositions for various functional 

purposes. At the initial stage, a working hypothesis was formulated, and a review and critical analysis 

of literary sources was carried out, which made it possible to justify the choice of micro- and 

nanoscale modifying components that are chemically compatible with cement hydration products, as 
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well as to form a detailed plan for experimental work. Nano-silicon dioxide (nano-SiO2) was selected 

as the basic nano-sized modifier. Studies were conducted on its effect on the processes of structure 

formation and the physical and mechanical characteristics of cement stone. Based on the data 

obtained, the choice of micro-dispersed mineral additives (microsilica, micro-calcite) for the 

formation of complex (two-component) modifying systems was justified. The compositions of 

polyfunctional additives, including nano-SiO2 in combination with micro-dispersed fillers, providing 

a complex effect on the structure and properties of the cement matrix, have been developed and 

scientifically substantiated. Taking into account the results of physical-mechanical and physical-

chemical tests, a multi-level modifying system for fine-grained self-compacting concrete has been 

proposed. An algorithm for selecting the composition of the modifying system has been developed, 

taking into account the influence of components on key performance indicators, and tests have been 

carried out to determine strength, density, and other characteristics, confirming the effectiveness of 

the proposed system. To study the effect of complex additives on the structure and properties of 

cement stone, concrete mixtures, and concrete, Portland cement CEM I 42.5 N produced by Alacem 

LLP (Almaty, Kazakhstan) was used [9]. The characteristics, properties, chemical, and mineralogical 

composition of the cement used, as provided by the manufacturer's data, are presented in Tables 1-4. 

 

Table 1 – Chemical composition of clinker, % 
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Alkalis Other impurities 

20.9 4.7 3.3 61.9 3.8 2.7 up to 0.8 1.9 

 

Table 2 – Mineralogical composition of clinker, % 
С3S C2S C3A C4AF CaO 

68.9 12.9 6.2 11.3 0.7 

 

Table 3 – Physical properties of cement 
Residue on sieve 

0.08, % 

Normal 

consistency, % 

Specific surface 

area, cm2/g 

Particle size, 

μm 

Setting time, min Losses during ignition, 

% Start End 

9.7 27.5 3100 10-25 140 270 3.0 

 

Table 4 – Mechanical properties of cement 
Strength at normal hardening 

Bending Compression 

3 days 28 days 3 days 28 days 

6.8 7.9 36.4 53.6 

 

Gravel with a particle size of 5-10 mm from the Kentas deposit (Almaty, Kazakhstan), which 

meets the requirements of [10], [11], was used as the coarse aggregate. The main physical and 

mechanical characteristics of the gravel aggregate are given in Tables 5-6. 

 

Table 5 – Particle size distribution of gravel aggregate 
Passing through a sieve Sieve mesh size, mm 

15 10 5 2.5 

Total residue, % 100 88.78 11.22 - 

 

Table 6 – Physical and mechanical properties of gravel aggregate 

Brand by 

crushability 

Content of plate-shaped and 

needle-shaped grains, % 

Content of dust and clay 

particles, % 

Clay content in 

lumps, % 

Density, kg/m3 

Natural Bulk 

1000 12.5 (I group) 0.5 0 2660 1470 

 

Natural quartz sand from the Arna deposit in the Almaty region, which meets the requirements 

[12], was used as a fine aggregate. The characteristics of the sand are presented in Table 7. 
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Table 7 – Properties of sand 
Gravel content, 

% 

Total residue, % on sieves, mm Dust and clay particle 

content, % 

Modulus of 

coarseness 

Density, kg/m3 

2.5 1.25 0.63 0.32 0.16 Natural Bulk 

- 0.8 1.6 33.0 61.0 96.3 2.1 2.44 1395 2610 

 

Nano-silicon dioxide (nano-SiO2) synthesized using the plasma arc method was used as a 

nano-modifier in concrete mixtures. The technological scheme of the experimental setup for obtaining 

silicon dioxide nano-powder is based on the sublimation process of solid-phase raw materials under 

the influence of low-temperature arc discharge plasma, followed by the condensation of the vapor 

phase and the formation of nanoparticles of the target product. The extremely high temperatures of 

the plasma discharge (up to 5000 K) enable the use of a wide range of materials as raw materials, 

including natural mineral components [13]. In this work, diatomite from the Utesai deposit in the 

Aktobe region was used as raw material for obtaining nano-powder. 

As can be seen in Figure 1, silicon dioxide nanoparticles with a polydisperse size distribution 

have a distinctive spherical shape and are represented in the form of agglomerates. The properties of 

the nano-modifiers used in the work are presented in Table 8. 

 

  
Figure 1 – Micrograph of SiO2 nano-powder 

 

Table 8 – Properties of nano-modifiers 
Label Specific surface area, m2/g Average particle size, nm 

Н74 282 73.7 

Н62 392 62.6 

Н44 511 44.5 

Н23 740 22.6 

 

Condensed microsilica MCU-95, obtained from the Ferroalloy Plant (Tau-Ken Temir) in 

Karaganda, was used as the active, finely dispersed component of the modifying additive. According 

to [14], the annual output of this plant reaches 20,000 tons. The chemical composition and physical 

and technical properties of microsilica are presented in Tables 9 and 10. 

 

Table 9 – Chemical composition of microsilica 

Oxide content, % 

SiO2 Al2O3 Fe2O3 CaO MgO Na2O+K2O SiC SO2 

95.5 1.4 0.8 1 0.2 0.3 up to 3 up to 0.09 

 

Table 10 – Physical and technical properties of microsilica 

Bulk density, kg/m3 Natural density, kg/m3 Particle size, μm Specific surface area, m2/g Humidity, % 

270 2200 0.1-1.0 2.5 2 

 

Figure 2 presents the electron microscope image of microsilica. 
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Figure 2 – Electron microscope image of microsilica 

 

Figure 2 shows that the composition of microsilica is predominantly a homogeneous fraction. 

Microsilica interacts with cement hydration products, forming additional hydrate phases and acting 

as a gel binder. Microsilica particles, which are 0.5-0.05 μm in size, are capable of filling the voids 

between cement and aggregate particles, thereby increasing the strength and reducing the 

delamination of the concrete mixture. 

The work used micro-dispersed mineral powder, a waste product formed during the crushing 

of MK-5 marble, complying with [15], at a quarry of Tekeli-Mramor LLP (Tekeli, Almaty, 

Kazakhstan). Finely ground marble is a white powder with a crystalline structure. It is characterized 

by a high calcium carbonate content of at least 95-98%. The physical and chemical properties of 

micro-calcite are presented in Table 11. 

 

Table 11 – Physical and chemical properties of microcalcite 
Chemical composition and properties 

СаСО3, % 96–97 

MgO, % not more than 0.5 

SiO2, % not more than 0.4 

Fe2O3, % not more than 0.2 

Mass fraction of fugitive substances, % not more than 0.15 

Mass fraction of water-soluble substances, % not more than 0.2 

Mass fraction of substances soluble in 15% hydrochloric acid solution, % not more than 97 

pH of the aqueous suspension 10.1 

Physical properties 

Specific surface area, m2/g 1.6 

Density, kg/m3 2725 

Refractive index 1.6 

Hardness on the Mohs scale 3 

Humidity, % not more than 1 

 

The composition of microcalcite is mainly CaCO3 (96-97%), and it also contains impurities 

of iron oxide, sulfur, magnesium, graphite, and aluminum in an amount of 1-3%. 

A polycarboxylate plasticizer for construction materials based on cement binders AR124 

manufactured by Arirang Group in Astana (Kazakhstan), was selected as a plasticizer for self-

compacting concrete mix. The additive effectively disperses the cement paste in the concrete mixture, 

plasticizes the concrete mixture, reduces its water demand, and improves the mobility and 

homogeneity of concrete mixtures. The AR124 additive complies with [16]. 

The effect of nano-modifiers was studied on samples – 20×20×20 mm cubes made of normal-

density cement paste with different additive ratios. The nano-SiO2 additive content ranged from 0.01 

to 0.05% of the cement mass. Silicon dioxide nano-modifiers with different specific surface areas 

ranging from 280 to 740 m2/g were used for the studies. Two options were investigated to determine 

the most efficient method of adding additives: 1) The additive was pre-mixed with the mixing water; 

2) The additive was mixed with cement until homogeneous, after which it was mixed with water. 
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The samples were cured under normal conditions (T = 18–20°C, RH = 90–100%) after 

molding. The compressive strength of the samples was evaluated after 28 days of curing. At least 5 

samples were prepared for each composition. The strength value was determined as the arithmetic 

mean of the 5 samples, with a coefficient of variation of no more than 5%. 

To study the deformation characteristics of hardened concrete, samples measuring 70×70×70 

mm were tested for compressive strength in a hydraulic testing machine. 

The frost resistance of concrete samples was determined according to [13]. The water 

resistance of concrete was determined using an accelerated method following [17]. The average 

density of samples was determined following [18]. The compressive strength of reference and 

modified samples was determined according to [19]. 

X-ray phase analysis (XPA) was used to study the phase composition of cement stone and 

determine its degree of hydration. Samples of finely dispersed cement stone powder were prepared 

after 28 days of hardening. XPA is used to identify the minerals that make up each sample. Each 

mineral has a specific set of peaks with its own intensity, and a multicomponent cement stone sample 

includes the sum of the X-ray diffraction patterns of individual minerals. The phase composition of 

the samples was studied using a D2PHASER diffractometer (Bruker, USA). The phase composition 

analysis was performed using DIFFRAC.EVA and DIFFRAC.TOPAS software. 

Electron microscopic analysis and analysis of the elemental composition of additives were 

performed using a JEOL JSM 520 scanning electron microscope in backscattered electron and 

elemental analysis modes. 

The specific surface area and average particle size of the powders were measured using a 

PSH-12 instrument. 

 
3. Results and Discussion 

 

To evaluate the influence of the structural characteristics of nano-SiO2, methods of obtaining 

nanoscale particles, the rational ratio in the “cement-nanoadditive” system, conditions for uniform 

distribution of nanoparticles in the cement paste volume, and the stability of the obtained 

characteristics, experimental studies were conducted, the results of which are presented in Table 12. 

 

Table 12 – Characteristics of cement stone with nano-SiO2 
Sample No. Sample label Additive content, % of 

cement mass 

W/C 28 days compressive strength, MPa 

Saturated Dry 

1 Reference 0.00 0.270 68.1 68.1 

2 Cement+Н74 0.01 0.275 76.0 77.0 

3 Cement+Н74 0.02 0.280 75.0 81.0 

4 Cement+Н74 0.03 0.280 64.9 83.0 

5 Cement+Н74 0.04 0.285 77.0 83.9 

6 Cement+Н74 0.05 0.290 78.0 84.0 

7 Cement+Н62 0.01 0.280 64.6 77.0 

8 Cement+Н62 0.02 0.285 72.3 77.2 

9 Cement+Н62 0.03 0.285 75.2 77.3 

10 Cement+Н62 0.04 0.285 75.0 79.0 

11 Cement+Н62 0.05 0.290 76.0 81.0 

12 Cement+Н44 0.01 0.265 66.0 68.0 

13 Cement+Н44 0.02 0.265 70.0 72.0 

14 Cement+Н44 0.03 0.265 68.0 73.0 

15 Cement+Н44 0.04 0.275 65.0 69.0 

16 Cement+Н44 0.05 0.275 64.9 67.0 

17 Cement+Н23 0.01 0.270 68.0 71.0 

18 Cement+Н23 0.02 0.270 69.0 73.0 

19 Cement+Н23 0.03 0.270 69.9 73.3 

20 Cement+Н23 0.04 0.280 71.1 74.5 

21 Cement+Н23 0.05 0.285 73.0 74.9 
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Analysis of the data presented in Table 12 shows that all types of silicon nano-dioxide (nano-

SiO2) studied in this work contribute to an increase in the strength of cement stone on the 28th day of 

hardening in the range from 3 to 37% compared to the reference sample. The magnitude of the effect 

is determined by a combination of variable factors. It has been established that increasing the nano-

SiO2 content from 0.01% to 0.05% of the cement mass provides a strength increase of up to 32% 

relative to the reference composition, However, a further increase in concentration does not lead to a 

significant improvement in performance, which is due to an increase in the water demand of the 

system and corresponds to the results obtained in previous studies [6]. In this regard, subsequent 

experiments were conducted using the specified percentage range of the nano-modifier. 

It has also been established that the effectiveness of modification largely depends on the 

method of additive introduction. The most pronounced increase in strength (up to 38% compared to 

the reference composition) was recorded when nano-SiO2 was pre-mixed with cement. With the 

alternative method of introduction, agglomeration of nanoparticles is observed, which prevents their 

uniform distribution in the volume of the binder matrix and significantly reduces the strengthening 

effect. 

Thus, analysis of the results obtained from studying the influence of the characteristics of 

silicon nanodioxid (nano-SiO2), methods of its synthesis and introduction into cement paste, as well 

as the dosage of additives on the properties of the binder system, made it possible to determine the 

rational content of nanoscale particles in the cement matrix, which is 0.01-0.05% of the cement mass. 

Within this range, the increase in the strength of cement stone reaches 32%, which determined the 

choice of this dosage for further research. The data obtained are consistent with the results of [20], 

where it is noted that excessive introduction of silica nanoparticles can cause “oversaturation” of the 

system, slowing down the processes of hydration and hardening, which is also confirmed in several 

works [21]. 

This effect is explained by the high chemical activity and reactivity of nano-silicon dioxide, 

which promotes the binding of a significant portion of the mixing water into poorly soluble 

crystallohydrate compounds. This leads to a deficiency of free moisture necessary for the hydration 

of clinker minerals and, as a result, a slowdown in structure formation. To identify the mechanisms 

and patterns of formation of the composition, structure, and properties of cement stone, a series of 

physical and chemical studies of reference and modified samples was performed. 

Comparative X-ray phase analysis of the hydration products of reference cement and cement 

with H74 (Figure 3) confirms the formation of new crystalline phases in modified cement stone. 

 

 
Figure 3 – X-ray images of the reference sample of SCC and SCC with nanomodifier H74 
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According to X-ray phase analysis data, the introduction of the modifying additive H74 

contributes to the intensification of calcium hydroxide binding, which is accompanied by an increase 

in the content of low-base calcium hydrosilicates C–S–H (d/n = 4.93; 2.91; 2.19; 2.07; 1.99; 1.81×10-

10 m), the formation of which probably determines the increase in the strength of the cement stone. A 

significant decrease in the amount of free calcium hydroxide is confirmed by diffractograms showing 

an increased background in the small-angle region and a decrease in the intensity of the diffraction 

peaks of the crystalline phases Ca(OH)2 (d/n = 4.9; 2.64; 1.8; 1.49×10⁻¹⁰ m), which correlates with 

the hydration reactions of cement clinker minerals. 

The results of studies on the effect of silicon nano-dioxide with different specific surface areas 

and concentrations on the behavior of cement systems suggest that the chemical interaction 

mechanism is only realized if the composition of the nanoparticles corresponds to the hydration 

products of cement minerals, which ensures their inclusion in the reaction of secondary hydrate phase 

formation. These conclusions are consistent with the results presented in [22]. Thus, the experimental 

results confirm the effectiveness of modifying the structure of cement stone by introducing silicon 

dioxide nanoparticles. 

The polyfunctional additive (PA) was made by mixing the components in a high-speed mixer 

at a working speed of 60 rpm. The components were loaded in stages, starting with the largest fraction 

(micro-calcite), followed by the introduction of microsilica and nano-modifier H74. The total mixing 

time was 20 minutes. During mixing, additional grinding of the coarse fraction particles took place, 

accompanied by their joint mechanical activation with micro-dispersed and nano-dispersed 

components, which ensured uniform distribution of the modifying components in the system and 

intensified interaction with the cement matrix. Table 13 shows the elemental composition of the 

additive components. 

 

Table 13 – Additive component composition 

Name Microsilica Microcalcite H74 

SiO2 + + + 

CaO - + - 

Al + - - 

C + + - 

MgO + + - 

 

The data presented in Table 13 show that the elemental composition of all components of the 

complex additive (i.e., PA) is qualitatively the same. 

Comparative data from electron microscopic analysis of the structure of the reference cement 

stone and the modified complex additive PD and nano-SiO2 are presented in Figures 4 and 5. 

 

   
a) ×440  b) ×2000 c) ×4000 

Figure 4 – Electron microscope image of a reference cement stone 
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a) ×440  b) ×2000 c) ×4000 

Figure 5 – Electron microscope image of cement stone modified with a complex additive of PA and 

nano-SiO2 

 

Analysis of microstructural data (Figures 4 and 5) shows that cement stone samples modified 

with a complex additive (polyfunctional system and nano-SiO2) are characterized by a denser and 

more homogeneous structure compared to the reference samples. The structure of the reference 

sample (Figure 4) shows pronounced heterogeneity, a significant volume of open pores, and the 

presence of needle-like crystalline formations characteristic of ettringite. Only insignificant amounts 

of portlandite are fixed on the surface of the modified sample, while the formation of a layered 

structure of low-base calcium hydrosilicates (herringbone morphology) is observed. 

The pore space of the modified cement stone is almost completely filled with growing 

hydrosilicate crystals, which ensures the compaction of the structure and the formation of additional 

substrates for crystallization centers. Such “clogging” of pores contributes to increased water 

resistance and frost resistance of concrete, which is confirmed by [23]. 

Given that the specific surface area of the N74 nanomodifier significantly exceeds that of the 

polyfunctional additive (PA) and cement, the mechanism of their combined effect on the system is 

determined by the sequence of adsorption on the surface of cement particles and the nature of the 

physicochemical interaction of the components. During the preparation of construction mixtures, 

adsorption shells are formed when N74 particles evenly cover the surfaces of cement and PA. The 

resulting adsorption contacts between the sorbent and the adsorbate act as crystallization centers, 

which significantly accelerates the processes of hydration and structure formation of cement stone, 

especially in the initial stages of hardening [24]. 

Table 14 shows quantitative (oxide) analysis of electron microscopic studies. 

 

Table 14 – Quantitative (oxide) analysis of electron microscopic studies (mass fraction, %) 
No. MgO Al2O3 SiO2 SO3 Fe2O3 CaO 

001 1.27 5.54 15.11 4.9 4.72 67.66 

002 - 7.55 51.2 10.83 - 30.45 

003 - 6.6 51.3 5.7 - 36.4 

 

To verify the results obtained by electron microscopic analysis, Table 14 shows the 

quantitative oxide composition of the cement stone sample modified by the PD + H74 system at three 

points under investigation (001, 002, and 003; see Figure 5). Analysis of the data presented allows us 

to conclude that low-base calcium hydrosilicates belonging to tobermorite-like phases are 

predominantly formed in the pore space of cement stone (Figure 5). Points 002 and 003 are 

characterized by a CaO/SiO2 ratio < 1.5, which confirms the predominance of low-base calcium 

hydrosilicates in the composition of the formed phases. 

Additionally, Figure 6 shows the results of bending tests on modified cement stone, performed 

in comparison with the reference composition, which allows us to evaluate the contribution of the 

complex additive to the improvement of strength characteristics. 
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Figure 6 – Flexural strength of modified cement stone 

 

Thus, the use of a complex additive comprising a polyfunctional system (PA) and 

nanomodifier N74 increased the flexural and compressive strength of cement stone by 29% and 45%, 

respectively, as well as a reduction in the water demand of the mixture, which is associated with the 

hydrophobic-hydrophilic properties of the PA components. The achieved effect may be due not only 

to the modification of rheological characteristics, but also to the participation of the additive in the 

processes of cement stone structure formation. The pore space of the matrix is filled with growing 

calcium hydrosilicates, which form a compact structure and additional crystallization centers, which 

is consistent with the results presented in [25]. 

The structure of a concrete mix can be represented as a homogeneous mixture of aggregate 

grains of various fractions and cement paste used to fill the voids between the aggregate grains and 

coat them. The thickness of the cement paste coating on the aggregate grains h is an input parameter. 

The value of the thickness of the cement paste coating of aggregate grains h can be determined as the 

amount of cement paste 𝑉c minus the volume of intergranular voids 𝑉v, relative to the surface area of 

the aggregate grains, 𝑆: 

ℎ =
𝑉𝑐−𝑉𝑣

𝑆
                                                                     (1)  

Taking into account expression (1) and based on the equation of absolute volumes used in 

calculating the composition of concrete mix, the following system of equations is formed, allowing 

the consumption of components per 1 m3 of concrete mix to be determined: 

1 = 𝑉𝑔
ℎ𝑎𝑟𝑑 + 𝑉𝑐

𝑣𝑜𝑖𝑑 + 𝑉𝑐
𝑝𝑎𝑠𝑡𝑒

                                                   (2) 

𝑉𝑔
ℎ𝑎𝑟𝑑 =

𝑚1

𝑞1
𝑛 +

𝑚2

𝑞2
𝑛 + ⋯

𝑚𝑛

𝑞𝑛
𝑛                                                         (3) 

𝑉𝑐
𝑝𝑎𝑠𝑡𝑒 = ℎ ∙ 𝑆𝑠𝑎 ∙ М                                                               (4) 

М = 𝑚1+𝑚2+𝑚𝑛                                                              (5) 

𝑉𝑐 = 𝑉𝑐
𝑣𝑜𝑖𝑑 + 𝑉𝑐

𝑝𝑎𝑠𝑡𝑒 =  𝐶 ∙ (𝑊/𝐶),                                                  (6)                                         

where: 𝑉𝑔
ℎ𝑎𝑟𝑑

 – объем зерен заполнителей, м3; 𝑉𝑐
𝑣𝑜𝑖𝑑– volume of cement paste filling the 

voids in the aggregate, m3; 𝑉𝑐
𝑝𝑎𝑠𝑡𝑒

– volume of cement paste enveloping aggregate grains, m3; 𝑚𝑖 − 

consumption of the i-th filler per 1 m3 of concrete mix, kg; 𝜌n– natural density of grains of the 𝑖-th 

aggregate, kg/m3; 𝑉p – volume of voids, m3; 𝑉f – total volume occupied by the aggregate mixture, 

m3; ℎ – effective thickness of the cement paste film enveloping the aggregate grains, μm; 𝑆sa – specific 

surface area of the aggregate mixture, kg/m2; 𝜌c – natural density of cement, kg/m3; m𝑖 − mass fraction 

of the 𝑖-th filler; W/C − water-cement ratio. 

Depending on the task at hand, the proposed system of equations can be used to determine 

various parameters of the concrete mix. By setting target indicators for the properties of the concrete 
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mix and concrete, such as mobility and strength, and using mathematical calculation methods, it is 

possible to obtain more accurate and reliable predictive values for the strength of the material [26]. 

In particular, with fixed values of the water-cement ratio, mass fractions of each aggregate, 

and thickness of the cement shell on the surface of the aggregate grains, the system allows 

determining the consumption of all components included in the mixture to obtain concrete with 

specified physical and mechanical characteristics [26]. 

Two types of cement paste were used in the concrete composition: 1) reference; 2) developed 

(cement + polyfunctional additive (PA) in the amount of 5% of the cement mass). The initial value 

of the thickness of the cement paste coating on the grains is conventionally taken as 10 μm. 

To verify the convergence of the calculated and experimental data on the compositions of 

fine-grained self-compacting concrete, a series of tests was carried out on laboratory samples to 

determine their main physical and mechanical characteristics. The initial compositions of the concrete 

mixtures used in the studies are presented in Table 15. 

 

Table 15 – Compositions of concrete mixtures per 1 m3 
Composition 

No. 

Crushed stone 

of 5-10 mm, kg 

Sand, 

kg 

Cement, 

kg 

W/C PA, kg Superplasticizer, l Slump 

flow, cm 

Design strength of 

concrete, 28 days, MPa 

1 (reference) 1000 670 545 0.36 - - 60 46 

2 1100 560 555 0.33 - 2.23 63 49 

3 950 690 550 0.35 26.85 2.41 64 65 

4 1150 590 525 0.32 26.05 2.56 66 67 

 

10×10×10 cm cubic samples were prepared for testing. At least 20 samples were prepared for 

each composition. Strength was determined as the arithmetic mean of the test results for five samples 

for each control hardening period, with a coefficient of variation not exceeding 5%. 

In concrete production, not only are the proportions of the modifying additives important, but 

also the algorithm for their introduction into the mixture. The polyfunctional additive (PA) should be 

introduced into the cement matrix at the mixing stage before the addition of fine and coarse 

aggregates, which ensures uniform distribution of the modifier in the volume of the cement stone. 

Violation of the sequence and addition of MA after the cement has been combined with the aggregates 

leads to uneven distribution of the components, which reduces the effectiveness of the modification. 

The superplasticizer was added to the finished mixture together with the mixing water. 

The strength characteristics of the concrete samples were determined at 3, 7, 28, and 120 days 

of hardening. Figure 7 shows the comparative results of strength gain over time for the tested 

compositions. 

 

 
Figure 7 – Strength development kinetics of fine-grained self-compacting concrete 
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Analysis of the experimental data in Figure 7 shows that the introduction of a polyfunctional 

additive and the determination of the optimal ratio of dispersed components in the concrete mixture 

(composition 3) provide an increase in the compressive strength of fine-grained self-compacting 

concrete at different hardening times compared to the reference samples (composition 1). At 3 days 

– by 92%, at 7 days – by 64%, at 28 days – by 41%, at 120 days – by 38%. The addition of a plasticizer, 

together with PD (compositions 3 and 4), contributes to an increase in strength indicators: in 3 days 

– by 81%, in 7 days – by 54%, in 28 days – by 44%, in 120 days – by 48% compared to the reference 

(composition 1). 

Compositions 3 and 4 were selected based on strength and mobility indicators, and further 

research was conducted on them. Thus, the water resistance of the reference and modified concrete 

samples was determined using the AGAMA-2 device. It has been established that modified concrete 

samples are characterized by a significant increase in water impermeability (grade W16) compared 

to reference compositions (grade W8). The increase in water resistance is explained by the formation 

of a denser material structure due to the rational selection of the mixture composition and a reduction 

in the open porosity of the cement stone. 

When exposed to low temperatures accompanied by alternating freeze-thaw cycles, the 

greatest danger to concrete is the presence of “free water” in the pore space. When it freezes in the 

pores, internal pressure is formed, and repeated cycles of phase transitions associated with an increase 

in water volume by approximately 9% lead to progressive destruction of the pore structure. Water 

penetrating into the resulting microcracks contributes to the expansion of damage and the 

development of internal destruction in the concrete structure. 

The amount of “free water” in the pore space can be reduced by using modifying additives 

that decrease the open porosity of the cement stone and form a denser concrete structure with 

increased water resistance and resistance to cyclic exposure to frost and heat. 

The frost resistance of the reference and modified concrete samples was determined using the 

third accelerated method with multiple freeze-thaw cycles in accordance with the methodology [27]. 

The tests were carried out in accordance with the requirements of [27], with the reference and 

modified samples being pre-saturated with a 5% sodium chloride solution before testing and 

subsequent strength determination. 

During the experiment, samples were selected for evaluation at several cycles corresponding 

to the intermediate frost resistance grade (with fixed mass changes of no more than 2%, which meets 

the requirements of [27]), as well as after the maximum number of cycles at which a decrease in the 

strength characteristics of the concrete was observed. The processing of the test results for 

determining the frost resistance grade of concrete was carried out in full compliance with the 

requirements of [27]. As a result, the reference concrete samples withstood 5 cycles of frost resistance 

testing using the third accelerated method, which corresponds to the F1200 grade, while the modified 

concrete with a polyfunctional additive (PA) demonstrated resistance to 27 cycles, corresponding to 

the F1700 grade. The results obtained confirm that the improvement in the performance properties of 

fine-grained self-compacting concretes is achieved by the formation of a homogeneous and 

compacted structure of cement stone and concrete matrix at various scale levels. This effect is due to 

the rational selection of the component composition of the concrete mix – from the grain composition 

of aggregates to microparticles of modified binder – and the application of a developed algorithm for 

designing the composition of self-compacting fine-grained concrete, taking into account the structural 

and technological characteristics of micro-dispersed components. 

 

Table 16 – Comparative data on the physical and mechanical characteristics of fine-grained SCC 
Composition Slump 

flow, cm 

Design strength of 

concrete, 28 days, 

MPa 

Experimental concrete 

strength, 28 days, MPa 

Water resistance, 

(MPa) grade 

Frost 

resistance 

Density, 

kg/m3 

Reference 60 49 53 (В40) (0,8) W8 F1200 2373 

Modified 67 67 77.1 (В60) (1,6) W16 F1700 2384 
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Thus, the complex of physical and mechanical studies confirmed the effectiveness of the 

proposed method for designing the composition of fine-grained self-compacting concrete using the 

developed polyfunctional additive. Analysis of the experimental data obtained (Table 16) 

demonstrates that the use of this additive and the proposed approach to designing the composition of 

fine-grained self-compacting concrete ensures the production of concrete with increased strength, 

water resistance, and frost resistance. 

 
4. Conclusions 

 

1. It has been established that the introduction of nano-silicon dioxide (nano-SiO2) with a 

particle size of up to 40 nm in an amount of 0.03% of the cement mass provides an increase in the 

compressive strength of cement stone by up to 32% (90 MPa) relative to the reference samples. This 

effect is due to the formation of an additional amount of high-strength low-base calcium 

hydrosilicates, an increase in the number of crystallization centers in the early stages of cement 

hydration, and the initiation of structure formation processes in the “nano-SiO2 – micro-dispersed 

component – cement” system. 

2. Complex (two-component) modifying additives based on nano-silicon dioxide, microsilica, 

and micro-calcite have been developed. Their influence on the processes of regulating the structure 

and physical and mechanical characteristics of cement stone and fine-grained self-compacting 

concrete has been experimentally investigated. 

3. An algorithm for designing the composition of fine-grained concrete has been developed, 

taking into account the structural and technological parameters of micro-dispersed components and 

the thickness of the cement shell on the surface of the aggregate grains. The application of this 

algorithm ensures the formation of a homogeneous and compacted structure of fine-grained concrete 

with high-performance properties. The calculated values of the mixture composition showed 

satisfactory convergence with the experimental data. 

4. The developed fine-grained concrete compositions with a multi-level polyfunctional 

additive (PA) in the amount of 5% of the cement mass ensure high performance characteristics: 

strength class B60, flexural strength 12.5 MPa, frost resistance up to F1700, and water resistance up 

to W16. 
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Abstract. This study develops lightweight expanded clay aggregate (LECA) from local low-expanding 

loams using an oil-sludge-based fuel-containing additive and evaluates its use in vibro-pressed 

lightweight aggregate concrete (LWAC) wall blocks. LECA was produced by granulation and firing, 

then characterized by bulk density, water absorption, and compressive strength. LWAC blocks were 

manufactured via a semi-dry vibro-pressing route and tested for density, compressive strength, 

thermal conductivity, and freeze-thaw resistance. The LECA incorporating oil sludge showed a 

strength increase from 1.38 MPa to 2.8-3.1 MPa with a moderate density rise (316 to 350-400 kg/m3) 

while maintaining ~25.8% water absorption. Blocks achieved 800-950 kg/m3 density and 10-12 MPa 

compressive strength, with 0.75-0.8 W/(m·K) thermal conductivity and 50-75 freeze-thaw cycles. 

XRD pattern fitting indicated silicate- and spinel-type crystalline phases, though some matches 

require verification. Overall, the raw material and processing route enable structural wall units with 

improved thermal performance. The future work should prioritize moisture-related durability under 

higher saturation. 

Keywords: expanded clay aggregate, oil sludge additive, vibro-pressing, lightweight aggregate 

concrete, thermal insulation wall blocks. 

 
1. Introduction 

 

Improving the energy efficiency of buildings remains a major driver of innovation in wall and 

envelope materials, because heat losses through external walls strongly affect operational energy 

demand and life-cycle impacts of the building stock [1]. In many cold and continental climates, the 

envelope must simultaneously provide (i) adequate load-bearing capacity, (ii) low thermal 

conductivity, and (iii) long-term durability under freeze-thaw action and moisture exposure. A 

common approach is to use multilayer systems where a structural wall (e.g., masonry or concrete) is 

combined with an external insulation system. However, such solutions introduce additional 

interfaces, workmanship sensitivity, and serviceability/fire-safety considerations that motivate 

continued interest in single-layer wall units with improved thermophysical performance [2], [3], [4]. 

Consequently, the development of structural-thermal insulating wall blocks based on lightweight 

concrete remains an actual research and engineering task. 
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Lightweight aggregate concrete (LWAC) is widely recognized as an effective route to reduce 

density and improve thermal performance compared with normal-weight concrete, while retaining 

sufficient mechanical strength for many structural or semi-structural applications [5]. Among 

manufactured lightweight aggregates, lightweight expanded clay aggregate (LECA) is particularly 

important due to its relatively stable production technology and favorable combination of low density, 

internal porosity, and chemical compatibility with cement matrices [6]. The porous shell-core 

microstructure of LECA decreases thermal conductivity and can also provide internal curing effects, 

while the overall performance of LECA concrete depends strongly on aggregate grading, water 

absorption/pre-wetting practice, and the quality of the interfacial transition zone [5], [6], [7], [8]. 

Recent studies and overviews show that concretes with expanded clay aggregates can achieve strength 

levels suitable for structural elements and can contribute to lowering heat transfer through building 

envelopes, provided that mixture design and moisture control are properly managed [6], [7], [8], [9], 

[10]. For wall blocks, these considerations are especially important because thermal performance, 

density class, and water absorption must be balanced against compressive strength and production 

feasibility. 

At the same time, the properties of LECA itself depend on raw material mineralogy and on 

additives used during firing that affect bloating, pore formation, and the resulting phase composition 

and microstructure [11], [12]. This is relevant for regions where local low-expanding loams/clays are 

available but may require formulation adjustments to achieve stable expansion and target density. An 

additional motivation is sustainability: the incorporation of industrial wastes as pore-forming agents 

or fuel-containing additives during ceramic processing has been actively explored to reduce 

environmental burden and potentially improve performance. For example, oily wastes and 

petroleum/oil-sludge-type residues have been investigated as additives in fired clay ceramics, 

showing that they can influence firing behavior, porosity development, and final properties when 

used in controlled dosages [12], [13]. Related work has also demonstrated the feasibility of using 

waste engine oil (a fuel-rich waste) as an expansive additive in the production of expanded clay 

aggregates and has evaluated the effects of such aggregates on the physical and mechanical properties 

of lightweight concretes [14]. These findings support the broader idea that oil-derived wastes can be 

valorized in fired clay/ceramsite-type products, but the optimal dosages and processing routes remain 

highly system-specific and must be validated for the targeted wall products. 

A further practical dimension is the manufacturing route of wall blocks. In industrial practice, 

many masonry and wall units are produced using low-slump or semi-dry mixtures under vibro-

pressing/vibro-compaction (simultaneous vibration and pressing), because this method enables fast 

demolding, dimensional stability, and high productivity [15], [16], [17]. However, the compaction 

regime, moisture content, and grading are known to significantly affect density, pore connectivity, 

and consequently both strength and thermophysical properties of the final blocks [15], [16], [17], 

[18]. While a substantial body of research addresses cast LWAC (including self-compacting variants) 

[9], fewer studies provide a clear linkage between (i) locally produced expanded clay aggregate 

characteristics (including phase composition), (ii) semi-dry vibropressed block production 

parameters, and (iii) the resulting strength-density-thermal conductivity balance required for energy-

efficient wall blocks. 

Within this context, the present study is important because it targets an applied but 

scientifically grounded task: developing and experimentally validating vibro-pressed structural-

thermal insulating wall blocks made with LECA produced from local raw materials (including low-

expanding loam) with the use of an oil-sludge-type additive acting as a fuel-containing/pore-forming 

component during aggregate production. The goal of the work is to substantiate whether such a 

combination of local loam-based expanded clay aggregate and vibro-pressed cementitious mixtures 

can yield wall blocks that meet the required mechanical and thermophysical criteria. To achieve this 

goal, the study focuses on: characterizing the expanded clay aggregate (including mineral/phase 

features relevant to firing and performance); producing vibro-pressed expanded-clay concrete blocks 

using a semi-dry technology consistent with industrial practice; and evaluating key properties (density 
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class, compressive strength, water absorption, and thermal performance indicators) needed to justify 

the feasibility of the proposed wall unit concept for energy-efficient construction. 

 
2. Methods 

 

The research objects were LECA and experimental samples of thermal insulation-structural 

wall blocks produced by semi-dry vibro-pressing from a blend of LECA, M400 cement, and dune 

sand. The determination of the physical, mechanical, and thermal properties of the blocks was carried 

out in accordance with [19]. The following raw materials were used: M400 cement as binder 

complying with [20], dune sand from Kyzylorda deposit (Kyzylorda region, Kazakhstan) as fine 

aggregate complying with [21], and LECA from Kyzylorda deposit (Kyzylorda region, Kazakhstan) 

as coarse aggregate complying with [22] with a maximum particle size not exceeding 20 mm. LECA 

was produced from low-expanding loams using oil sludge as a fuel-containing bloating/pore-forming 

reagent, based on our previous experience [23], [24]. To facilitate the incorporation of the bloating 

component, an “oil sludge-dune sand” conglomerate was prepared at a 1:3 proportion, using oil 

sludge from JSC “PetroKazakhstan Kumkol Resources” (Kyzylorda, Kazakhstan) and the 

aforementioned dune sand. A pilot batch of 10 m3 of the LECA has been prepared at the 

“Stroykombinat” LLP (Uralsk, Kazakhstan) and tested along with conventional LECA (existing in 

the market), to obtain their physical and mechanical properties according to [22]. 

For manufacturing the LWAC blocks, the concrete mixture composition (per 1 m3) consisted 

of cement – 250 kg, expanded clay (10-20 mm fraction) – 660 kg, sand – 340 kg, and water – 95-100 

liters. The average percentage proportion of the biner-aggregates was: cement – 20%, sand – 27%, 

and LECA – 57%. Before pilot production, mixture compositions were simulated at laboratory scale 

to obtain effective physical, mechanical, and thermophysical performance, based on prepared 

samples. Reduced-density thermal insulation-structural blocks of standard size of 390×190×188 mm 

were then manufactured on the “Mastek-Meteor” molding/vibro-pressing complex (Figure 1) 

produced by ZAO “Monolit” (Zlatoust, Russia). 

 

 

 

 

 
Figure 1 – LWAC blocks manufacture using the “Mastek-Meteor” molding/vibro-pressing complex 

 

In production, the reagents were weighed and loaded into the mixer of the “Mastek-Meteor” 

unit, where water was added, and the mixture was blended to obtain a semi-dry homogeneous mass. 

The mixture was then transferred to the unit hopper-doser, portioned, and supplied to the mold matrix. 

Shaping was performed by vibrocompression, forming a level and dense layer of expanded clay 

particles, water, and cement; three blocks were produced simultaneously, after which the molded 

blocks were manually removed with pallets and transported for natural curing. 
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The thermal conductivity of the samples was determined using an ITP-MG-4 “ZOND” 

thermal conductivity meter (SKB StroyPribor, Chelyabinsk, Russia). X-ray diffraction (XRD) of 

LECA and LWAC samples was performed using a Rigaku MiniFlex 600 diffractometer (Rigaku 

Corporation, Akishima-shi, Tokyo, Japan) with CuKα radiation in the 2θ range from 3° to 120°, and 

the collected data were processed using the PDF-5+ 2024 database. 

 
3. Results and Discussion 

 

Table 1 shows that the proposed LECA formulation improves aggregate strength while 

maintaining a broadly similar firing regime. 

 

Table 1 – Effect of the developed formulation on LECA properties (pilot-industrial batch) 
LECA type Firing temperature, C Compressive strength, MPa Bulk density, kg/m3 Water absorption, % 

Conventional 1200 1.38 316 25.85 

Proposed 1150-1200 2.8-3.1 350-400 25.8 

 

In Table 1, the most important change is compressive strength: it increases from 1.38 MPa to 

2.8-3.1 MPa, which suggests the proposed formulation produces granules that are less prone to 

crushing during handling and concrete mixing. Bulk density also increases from 316 to 350–400 

kg/m3, indicating a trade-off toward a denser aggregate, which often accompanies higher strength in 

expanded clay systems. This direction is consistent with the general LECA overview that strength 

and density are strongly controlled by formulation and firing outcomes, including the balance 

between shell densification and internal porosity [6]. Water absorption remains essentially unchanged 

(25.85% vs. 25.8%), meaning the pore network accessible to water is not materially reduced. That is 

important for later concrete production, because high absorption typically requires moisture control 

or water adjustment to avoid variability in workability and matrix quality. 

Table 2 summarizes the key performance envelope of the developed LWAC blocks as a 

structural-thermal material. 

 

Table 2 – Physical, mechanical, and thermal properties of LWAC 
Thermal conductivity, 

W/(m·K) 

Density, kg/m3 Water absorption, % Compressive strength, 

MPa 

Frost resistance, cycles 

0.75-0.8 800-950 23-25 10-12 50-75 

 

The reported density of 800-950 kg/m3 confirms that the product is in the lightweight range, 

which is consistent with using expanded clay aggregate and with the general aim of reducing unit 

weight in wall elements [5]. The compressive strength of 10-12 MPa indicates that the blocks are 

positioned for load-bearing or at least structurally relevant masonry applications rather than purely 

insulating units, and this strength level is in line with the expectation that expanded-clay lightweight 

concretes can be designed to reach structural grades when mixture design and moisture management 

are controlled [6]. Thermal conductivity of 0.75-0.8 W/(m·K) suggests that the blocks provide a 

thermophysical improvement compared with dense concretes, but the value is still relatively high for 

a “single-layer” wall solution, so in practice the blocks may serve best as structural units with 

improved thermal performance rather than as a stand-alone high-insulation material. This is consistent 

with the fact that thermal conductivity in cementitious materials is strongly influenced by density and 

pore structure [7]. Water absorption of 23-25% is high, which implies an open pore network and 

highlights the importance of moisture-related durability, because higher absorption can increase 

susceptibility to freeze-thaw damage if saturation occurs. Therefore, the reported frost resistance of 

50-75 cycles is an important supporting result for serviceability in cold climates. 

Figure 2 presents the XRD diffractogram of the fired expanded clay (i.e., proposed LECA). 

The red curve is the measured diffraction pattern, while the colored reference markers correspond to 

the phases selected by the identification software/database and used to fit the experimental peaks. 

The legend also reports the phase fractions obtained from the software’s semi-quantitative evaluation. 



Technobius, 2025, 5(4), 0090  

 

 
Figure 2 – Diffractogram of LECA 

 

The pattern indicates that the expanded clay is not purely glassy; it contains a clear crystalline 

fraction. The dominant contribution in Figure 1 is the magnesium–iron–manganese silicate phase, 

reported as about 60%, because many of the strongest peaks align with that reference pattern. Two 

cubic spinel-type mixed oxides (Al–Cr–Fe–Mg–O with minor Ti) are also present and together 

account for a noticeable part of the fitted intensity (reported as 10% and 14%). These spinel-type 

phases are consistent with high-temperature firing, where Al- and Fe-bearing components of the raw 

clay can transform into stable mixed oxides. The diffractogram also reports a manganese aluminum 

fluoride contribution (about 16%). This identification is possible in peak-matching terms, but it is 

unusual for clay-derived LECA unless a fluorine source exists, so it should be treated as provisional 

until supported by chemistry or repeated fitting with alternative candidates. 

Table 3 lists the phases identified in LECA and provides their crystallographic descriptors. 

 

Table 3 – Phase identification results from XRD pattern fitting of LECA 
No. Compound name Chemical formula Crystal system a  

(Å) 
b  

(Å) 
c  

(Å) 
Unit-

cell 

volume 

V (Å³) 

Z Space 

group 
X-ray 

density 

ρ 

(g/cm³) 
1 Magnesium aluminum 

chromium iron oxide 

(spinel) 

Al₀.₆₉₅Cr₁.₁₈₄Fe₀.₄₃₈Mg₀.₆₆₄O₄ Cubic 8.25 – – 561.74 8 Fd-3m 8.25 

2 Magnesium aluminum 

chromium iron titanium 

oxide (spinel) 

Al₀.₇₄Cr₁.₁₀Fe₀.₆₅Mg₀.₄₉Ti₀.₀₂O₄ Cubic 8.28 – – 567.27 8 Fd-3m 4.46 

3 Magnesium iron 

manganese silicate 
(Fe₀.₉₀₂Mg₁.₀₆₄Mn₀.₀₃₄)₂SiO₄ Orthorhombic 4.79 10.34 6.04 299.49 4 Pbnm 3.77 

4 Manganese aluminum 

fluoride 
MnAlF₅ Orthorhombic 9.54 9.85 3.58 336.41 – Amam – 

 

Table 3 confirms that phases 1 and 2 are cubic spinels (space group Fd-3m) with very similar 

lattice constants (a about 8.25–8.28 Å), which supports the interpretation that they represent a family 

of closely related high-temperature mixed oxides. In practice, such phases are generally chemically 

stable and can contribute to the aggregate’s mechanical integrity. Phase 3 is an orthorhombic (Pbnm) 

magnesium-iron-manganese silicate with a, b, c values consistent with an olivine-type silicate. This 

matches the fact that it is the dominant phase in Figure 2 and is a plausible high-temperature product 

of silicate systems after firing. Phase 4 is reported as AlF5Mn (orthorhombic, Amam). Because 

fluorides are not typical products of firing ordinary loams, this phase comes from database matching 

and requires confirmation. Overall, Figure 2 and Table 3 together support a fired LECA structure 

composed of a crystalline assemblage dominated by silicates with a secondary fraction of spinel-type 

oxides, which is consistent with a thermally treated clay-based ceramic aggregate rather than an 

amorphous material. 

Figure 3 shows the XRD pattern of the LWAC. The red curve is the measured intensity versus 

2θ, and the colored reference lines/markers correspond to the phases selected during pattern fitting. 

The pie chart in the figure reports the software-estimated phase fractions for the fitted set. 
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Figure 3 – Diffractogram of LWAC 

 

From Figure 3, the LWAC sample is clearly not fully amorphous. Several sharp peaks indicate 

distinct crystalline contributions. The fitted phase set is dominated by a “sodium aluminum silicate 

hydrate” component (reported as 34%) and a spinel-type mixed oxide phase (reported as 29%). Such 

aluminosilicate-bearing phases are plausible in a system containing fired clay-based aggregate, since 

fired LECA commonly contains stable crystalline silicate constituents formed during high-

temperature processing [6]. The spinel-type oxide contribution is also consistent with the idea that 

high-temperature firing of clay-based raw materials can yield stable mixed-oxide phases that remain 

present when the aggregate is incorporated into concrete [11]. Figure 3 also assigns about 16% to 

“iron silicate” and about 21% to a Ni-C-N phase (“ammonia nickel cyanide” in the figure legend). 

That last identification is unusual for cement/LECA-based concrete unless there is a credible nickel 

source, so it should be treated as a tentative match rather than a confirmed reaction product. 

Table 4 lists the phases identified in LWAC and provides their crystallographic descriptors. 

 

Table 4 – Phase identification results from XRD pattern fitting of LWAC 
No. Compound name Chemical formula Crystal 

system 
a 

(Å) 
b 

(Å) 
c 

(Å) 
Unit-cell 

volume 

V (Å³) 

Z Space 

group 
X-ray 

density 

ρ 

(g/cm³) 
1 Nickel cyanamide (as 

reported; requires 

verification) 

NiCN₂ Tetragonal 7.22 – 17.42 908.58 8 I41/amd 1.86 

2 Iron silicate (spinel-

type, fayalite-related 

notation fixed) 

Fe₂SiO₄ Cubic 8.26 – – 564.46 8 Fd-3m 4.79 

3 Magnesium 

aluminum chromium 

iron titanium oxide 

(spinel) 

Al₁.₁₆₁Cr₀.₇₅₂Fe₀.₄₂₇Mg₀.₆₃₅Ti₀.₀₁O₄ Cubic 8.22 – – 555.19 8 Fd-3m 4.18 

4 Analcime NaAlSi₂O₆·H₂O Cubic 13.71 – – 2575.13 16 Ia-3d 2.27 

 

Table 4 indicates that two of the identified phases are cubic spinel-structured oxides (Fd-3m) 

with lattice parameters around 8.22-8.26 Å. This supports the interpretation that a portion of the 

crystalline signal in LWAC comes directly from the fired aggregate, because spinel-type mixed 

oxides are typical high-temperature products in clay-derived ceramics and can persist unchanged in 

the concrete composite [11]. Analcime is a crystalline sodium aluminosilicate hydrate (a zeolite). Its 

presence could be consistent with an aluminosilicate framework phase in a system containing clay-

derived components and alkaline pore solutions, but the manuscript cannot claim a formation 

mechanism from XRD fitting alone. The NiCN2 assignment remains the weakest point: it is difficult 

to reconcile with the intended raw materials of LWAC, so it should be flagged as needing verification 

against alternative database matches, especially because cementitious systems often contain 

crystalline hydrates (for example, portlandite or ettringite) that may be missed or misassigned if the 

fitting is constrained. This matters for interpretation because the reviewed literature emphasizes that 
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performance in LWAC depends strongly on mixture design, moisture control, and microstructure 

rather than on any single unusual crystalline phase [5]. 

 
4. Conclusions 

 

Lightweight expanded clay aggregate (LECA) produced from local low-expanding loams with 

an oil-sludge-based fuel-containing additive provided a clear mechanical advantage: its compressive 

strength increased from 1.38 MPa to 2.8-3.1 MPa, while bulk density rose moderately (316 to 350-

400 kg/m3) and water absorption stayed nearly unchanged (~25.8%). Using this LECA in vibro-

pressed lightweight aggregate concrete (LWAC) wall blocks resulted in a lightweight density of 800-

950 kg/m3 and compressive strength of 10-12 MPa, with 0.75-0.8 W/(m·K) thermal conductivity and 

50-75 freeze-thaw cycles, confirming applicability as structural wall units with improved thermal 

performance. XRD-based phase fitting indicates the presence of mainly spinel-type and silicate-

related crystalline phases in LECA/LWAC; however, several identified matches should be treated as 

provisional and verified by complementary analyses. Future work should primarily address moisture 

sensitivity (high water absorption), including optimization of curing/conditioning and durability 

testing under higher saturation and service-relevant exposure regimes. 
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Abstract. This study investigates diatomite-based silica ceramics designed for low thermal conductivity, using diatomite 

from the Utesai deposit (Aktobe region, Kazakhstan) and loam from the Romanovskoye deposit (West Kazakhstan region, 

Kazakhstan) as a modifying additive. The raw diatomite is characterized by high porosity and low thermal conductivity, 

while the ground fraction shows favorable technological behavior for ceramic processing, including low drying 

sensitivity. Calcination at 950 °C increases density and thermal conductivity, indicating partial densification. Silica-

ceramic specimens were produced by plastic and semi-dry molding and fired at 950 °C, both from pure diatomite and 

from a diatomite-loam composition. The results show that 10% loam addition improves the fired structure: density and 

strength increase, whereas water absorption and total shrinkage decrease, with only minor changes in thermal 

conductivity. The combined trends demonstrate the feasibility of producing lightweight silica ceramics with improved 

integrity while maintaining heat-insulating performance. 

Keywords: diatomite, silica ceramics, loam additive, thermal conductivity, water absorption. 
 

1. Introduction  

 

Diatomite is a biochemical rock belonging to the group of siliceous stones [1], consisting of 

minerals of the silicon oxide group - opal - amorphous silica [2]. Diatomite deposits are stratiform in 

shape, and in some cases, they have the form of flattened lenses with a relatively consistent thickness 

[3]. Diatomite can be characterized as a loose or cemented siliceous rock, white or light gray in color, 

consisting of more than 50% of diatom shells, containing 70-98% silica, with high porosity up to 75% 

and low bulk density from 420 to 1250 kg/m3 [4]. It is used as a hydraulic additive for the production 

of Portland cement, lightweight concrete, ceramic and thermal insulation products, filler for the 

production of plastics, rubber, and paints [5]. 

The construction industry is currently focused on expanding its raw material base through the 

use of low-plasticity clays, loams, opal-cristobalite, and other silica-containing rocks [6]. In this 

regard, the industrial use of diatomite is based on a number of its physical and chemical properties 

that allow it to be used as a multi-purpose raw material, such as sound and heat conductivity, 

resistance to chemical reactions, and fire resistance [7]. 

[8] studied the effect of firing temperatures of 900, 1000, and 1100 °C on the transformation 

of the silicon dioxide phase during the manufacture of ceramic products from diatomite. 

Diffractometry results confirm the suitability of diatomite for the production of ceramic, construction, 

and thermal insulation materials. According to [9], the effect of the elastic modulus of diatomite on 

porosity varies in the range from 240 to 50 MPa when the porosity of the medium changes from 20 

to 60%, and the tensile strength of the material changes by ≈ 10 MPa with a change in porosity. 

To obtain porous silica ceramics with firing temperatures of 1000, 1150, and 1300 °C, [10] 

used diatomite with an additive of boric acid in an amount of up to 2 %, which had a positive effect 
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on pore distribution. Studies of modified samples [11] of silica ceramics using clay, diatomite, and 

boric acid additives showed that the resulting materials had a low Young's modulus, which means 

they can be deformed under forces that negatively affect their strength. 

According to [12], silica ceramics obtained at a firing temperature of 1000 °C had a 

compressive strength of 20.96 MPa and a thermal conductivity coefficient of 0.29 W/(m·K). In other 

studies, the strength was 35 MPa with a thermal conductivity coefficient of 0.16 W/(m·K) [13] and 

50 MPa [14]. 

While previous studies have made progress in the physical and mechanical properties of silica 

ceramics, they mainly used firing temperatures of 1000 °C and above, which leaves a potential for 

reducing energy losses, an important aspect currently. Therefore, this research aims to develop a 

technology for the production of silica ceramics designed to minimize heat exchange between the 

environment and the interior of buildings and structures, with low heating and ventilation costs. The 

research results are important for the application of diatomite, a unique natural material, in providing 

high-quality building materials for civil and industrial buildings and structures. 

 
2. Methods 

 

This study incorporated a diatomite from the Utesai deposit (Aktobe region, Kazakhstan) as a 

main siliceous raw material, and a loam from the Romanovskoye deposit (West Kazakhstan region, 

Kazakhstan) as a modifying additive. 

To determine the physical properties of the diatomite rock, cubic specimens (100 mm edge 

length) were prepared by sawing from diatomite pieces. The average density [15] was determined by 

weighing using ACS electronic scales (HUADE Ltd., Shanghai, China). Thermal conductivity [16] 

was measured using an ITP-MG-4 ZOND device (“Special Design Bureau Stroypribor” LLC, 

Chelyabinsk, Russia). For ceramic-technology studies, diatomite pieces were ground to obtain a 

fraction with particle sizes <2 mm (Figure 1) using an MShL-1 laboratory ball mill (NPK Mekhanobr-

Technika, St. Petersburg, Russian Federation). To evaluate the effect of high-temperature treatment 

on diatomite properties, the <2 mm diatomite fraction was fired at 950 °C in an EKPS 50/1300 electric 

furnace (Smolensk SKTB SPU, Smolensk, Russia), producing calcined diatomite (i.e., thermolite). 

 

  
Figure 1 – Finely ground (left) and fired (right) diatomite 

 

Silica-ceramic laboratory specimens were produced as Ø50 mm × 50 mm cylinders. For 

forming and testing operations, an LO-257 mold (RNPO RusPribor LLC, St. Petersburg, Russia) and 

a PGM-50MG4 press (SKB Stroipribor LLC, Chelyabinsk, Russia) were used (Figure 2). Two 

forming routes were used [17]: plastic molding and semi-dry molding. Specimens were produced 

from (i) 100% diatomite and (ii) a mixture of 90% diatomite + 10% loam (by mass). After shaping, 

specimens were dried in an SNOL 67/350 unit (Smolensk SKTB SPU, Smolensk, Russia) and then 

fired at 950 °C in an EKPS 50/1300 electric furnace. 
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Figure 2 – Compression test of samples 

 

For diatomite, the following properties were determined [18]: average density and thermal 

conductivity (rock cubes), bulk density, thermal conductivity, plasticity coefficient, adhesion 

(stickiness), and drying sensitivity coefficient (ground fraction). 

For thermolite (calcined diatomite), bulk density and thermal conductivity were determined 

after firing at 950 °C. 

For fired silica-ceramic specimens, the following properties were determined: average 

density, compressive strength, thermal conductivity, water absorption, and total shrinkage for both 

forming routes (plastic and semi-dry) and for both compositions (0% and 10% loam). 

 
3. Results and Discussion 

 

The diatomite rock shows (Table 1) a consistently low average density (~950 kg/m³) coupled 

with low thermal conductivity (~0.132 W/(m·K)) and very high porosity (~64%). Such a combination 

is characteristic of highly porous siliceous materials: the pore network reduces heat transfer, while 

also limiting mechanical load-bearing capacity. The small spread between replicate samples indicates 

stable properties for the studied diatomite source. 

 

Table 1 – Physical properties of diatomite (100 mm rock cubes) 
Sample Average density, kg/m3 Thermal conductivity, W/(m·K) Porosity, % 

1 948 0.131 64.1 

2 952 0.133 63.9 

3 950 0.132 64.0 

Average value 950 0.132 64.0 

 

For ceramic processing, the diatomite fraction (<2 mm) remains lightweight (bulk density 

~410 kg/m³) and shows very low thermal conductivity (~0.098 W/(m·K)), consistent with its highly 

porous structure (Table 2). The plasticity coefficient (~5.88), low adhesion (~8.8 g/cm²), and very 

low drying sensitivity (~0.173) indicate that this diatomite fraction is weakly adhesive and relatively 

insensitive to drying, which is technologically favorable (less risk of drying cracks and less sticking 

to tooling). In contrast, loam is much denser (1425 kg/m³) and much more thermally conductive (0.84 

W/(m·K)). It also has a substantially higher plasticity coefficient (15.6) and adhesion (22.3 g/cm²), 

meaning it can function as a binder/plasticizing component. However, its high drying sensitivity 

coefficient (1.8) implies that loam-rich bodies would be more prone to drying defects if drying is not 

controlled. Therefore, using loam as a limited additive is logically consistent: it can improve 

shaping/green strength and firing behavior without fully inheriting the drying risks of loam. 
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Table 2 – Comparison of average technological properties: diatomite vs loam 
Material Bulk density, 

kg/m3 

Thermal conductivity, 

W/(m·K) 

Plasticity 

coefficient 

Adhesion, 

g/sm2 

Drying sensitivity 

coefficient 

Diatomite 410 0.098 5.88 8.8 0.173 

Loam 1425 0.84 15.6 22.3 1.8 

 

After firing the diatomite fraction at 950 °C, the bulk density increases markedly to ~725 

kg/m³, while thermal conductivity rises to ~0.11 W/(m·K), as shown in Table 3. This increase is 

expected: firing reduces the open porosity and increases solid-phase connectivity (densification 

and/or partial sintering), which improves heat conduction through the solid skeleton. In practical 

terms, calcination shifts the material from an extremely porous powder to a denser, thermally more 

conductive product. 

 

Table 3 – Bulk density and thermal conductivity of thermolite (calcined diatomite at 950 °C) 
Sample Bulk density, kg/m3 Thermal conductivity, W/(m·K) 

1 725 0.11 

2 726 0.12 

3 724 0.10 

Average value 725 0.11 

 

Table 4 shows the properties of silica ceramics produced by plastic molding. 

 

Table 4 – Physical and mechanical properties of plastic-molded silica ceramics 

 
Composition Average 

density, kg/m3 

Strength,  

MPa 

Thermal 

conductivity, W/(m·K) 

Water 

absorption, % 

Complete 

shrinkage, % 

Diatomite 918.5 100 0.11 55 5.6 

Diatomite (90%) and loam (10%) 1015.5 110 0.112 45 4.2 

 

As is seen from Table 5, for plastic-molded silica ceramics fired at 950 °C, ceramics based on 

100% diatomite show an average density of 918.5 kg/m³ and thermal conductivity of ~0.11 W/(m·K). 

Water absorption is high (55%), indicating a significant fraction of open pores, which is consistent 

with the raw diatomite’s porous nature. Introducing 10% loam increases density (to 1015.5 kg/m3) 

and strength (from 100 to 110), while reducing water absorption (from 55% to 45%) and total 

shrinkage (from 5.6% to 4.2%). The direction of these changes is internally consistent: loam likely 

promotes stronger particle bonding and a more continuous fired structure (better packing and/or 

formation of binding phases during firing), which reduces the volume of interconnected open pores. 

Thermal conductivity increases only slightly (from 0.11 to 0.112), which is expected when density 

increases and porosity decreases. 

Table 5 shows the properties of silica ceramics produced by semi-dry molding. 

 

Table 5 – Physical and mechanical properties of semi-dry molded silica ceramics 
Composition Average 

density, kg/m3 

Strength,  

MPa 

Thermal 

conductivity, W/(m·K) 

Water 

absorption, % 

Complete 

shrinkage, % 

Diatomite 1014.2 75 0.11 48 6.7 

Diatomite (90%) and loam (10%) 1086.5 83 0.112 42 4.8 

 

As is seen from Table 5, semi-dry molded ceramics show higher densities than plastic-molded 

ones for both compositions (1014.2 vs. 918.5 kg/m3 for pure diatomite; 1086.5 vs. 1015.5 kg/m³ for 

the loam-containing mix). Correspondingly, water absorption is lower (48% vs. 55% for pure 

diatomite; 42% vs. 45% for the loam mix), which aligns with the denser structure. However, strength 

is lower for semi-dry molded samples than for plastic-molded samples (75 vs. 100 for pure diatomite; 

83 vs. 110 for the loam mix), and total shrinkage is higher (6.7 vs. 5.6; 4.8 vs. 4.2). Interpreting these 

results together suggests that higher “bulk density” from semi-dry molding does not automatically 
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translate into higher mechanical performance; likely because strength is influenced not only by 

density but also by how uniformly particles bond and whether defects (e.g., lamination planes, 

incomplete interparticle contact, microcracking from constrained shrinkage) form during 

forming/drying/firing. Plastic molding can provide more uniform particle rearrangement and 

bonding, which may explain the higher measured strengths despite slightly lower densities. As in 

plastic molding, adding 10% loam improves the semi-dry results: density increases (from 1014.2 to 

1086.5), strength rises (from 75 to 83), and water absorption drops (from 48% to 42), while shrinkage 

decreases (from 6.7% to 4.8). This supports the same functional role of loam as a 

reinforcing/structure-forming additive in fired bodies. 

Across all datasets, the key controlling factor is porosity: the raw diatomite’s very high 

porosity explains its low thermal conductivity, but it also leads to high water absorption in fired 

ceramics unless the structure is partially densified. Calcination increases density and thermal 

conductivity, indicating pore reduction and stronger solid connectivity. 

For fired silica ceramics at 950 °C, the 10% loam addition consistently improves performance 

in both forming routes: it increases density and strength while reducing water absorption and 

shrinkage. This combination is technologically important because it indicates that small loam contents 

can enhance the integrity of the fired structure without causing a large penalty in thermal conductivity 

(only a slight increase is observed). 

When comparing forming routes, semi-dry molding produces denser bodies with lower water 

absorption, but the measured strength is lower, and shrinkage is higher than for plastic molding. For 

applications where mechanical reliability is critical, the plastic-molding route appears more favorable 

based on the strength results reported, while semi-dry molding may be more suitable when lower 

water absorption (via higher density) is prioritized, especially when combined with a loam additive. 

 
4. Conclusion 

 
The investigated Utesai diatomite is a highly porous siliceous raw material (porosity ≈64%), 

which explains its low thermal conductivity (≈0.132 W/(m·K)) at a relatively low average density 

(≈950 kg/m³). In ground form (<2 mm), diatomite remains lightweight (bulk density ≈410 kg/m³) and 

thermally efficient (≈0.098 W/(m·K)) while showing low drying sensitivity, indicating good 

technological suitability for ceramic processing. Firing at 950 °C converts the diatomite into a denser, 

thermally more conductive product (thermolite: bulk density ≈725 kg/m³; thermal conductivity ≈0.11 

W/(m·K)), consistent with partial densification and reduced open porosity. 

Silica ceramics fired at 950 °C demonstrate that both the forming route and composition 

govern the balance between strength and moisture-related properties. Adding 10% loam to diatomite 

consistently improves performance in both plastic and semi-dry molding: density increases (by ~7-

11%), strength rises (by ~10-11% as reported), water absorption decreases (by ~12-18%), and total 

shrinkage reduces (by ~25-28%), while thermal conductivity changes only slightly (from ≈0.11 to 

≈0.112 W/(m·K)). Comparing forming routes, semi-dry molding yields higher density and lower 

water absorption, whereas plastic molding provides higher strength for the studied compositions. 

Overall, a diatomite-based body with a limited loam addition (10%) is the most balanced option 

among those tested, enabling low thermal conductivity alongside improved structural integrity and 

reduced water uptake. 
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Abstract. This study examines the potential for reducing the consumption of natural clay raw materials while 
simultaneously recycling various types of waste in the production of clay ceramic materials. Crushed ceramics, thermal 

power plant slag, and cullet were used as technogenic components. The compositions were prepared using clay with 

varying waste content (5-20% by weight relative to clay) and the addition of an alkaline additive, NaOH (10% of the clay 

weight). After forming cylindrical samples, they were dried and fired at temperatures up to 1000 °C for 1 hour. The 

chemical composition of the raw materials was studied using XRF/EDS, and the microstructure was studied using SEM. 

Density, water absorption, linear shrinkage, and compressive strength were determined. The combined introduction of 

waste has a synergistic effect on the sintering processes and structure formation. Glass cullet acts as a fluxing agent and 

promotes compaction of the body, ceramic waste acts as an inert filler, reducing the risk of deformation, and slag 

introduces reactive aluminosilicate components that influence phase formation. An optimal waste content range has been 

demonstrated: moderate dosages improve performance without compromising processability. The best results were 

obtained with a composition of 10% glass cullet, 10% ceramic waste, and 5% slag (at 10% NaOH): compressive strength 
was 16 MPa, water absorption was approximately 7%, and density was approximately 1.32 g/cm3. The results confirm 

the potential of integrated waste recycling for producing ceramic materials at lower firing temperatures. 

Keywords: clay, glass waste, ceramic brick waste, slag, ceramics. 

 
1. Introduction 

 

The production of ceramic materials consumes a high proportion of natural clay resources, 

leading to the depletion of non-renewable raw materials, increased production costs, and the industrial 

waste accumulation. Despite the widespread use of industrial waste in ceramic production, issues 

such as the instability of the chemical and mineralogical composition of the waste, insufficient 

understanding of their combined effects in multicomponent systems, and the risk of deterioration in 

the strength and process properties of ceramics during firing raise many questions [1]. 

In recent years, a number of studies have focused on the partial or complete replacement of 

natural clay with man-made raw materials. The works [2], [3] have proven the possibility of using 

various technogenic materials in the production of ceramic bricks as additives, and in some 

compositions as the main raw material, partially or completely replacing non-renewable, exhaustible 

resources of clay rocks. The large volume of ceramic brick production allows the utilization of 

industrial waste in quantities and a wide range of their composition using traditional technology and 

equipment [4], [5]. In addition, the creation of raw material compositions using technogenic materials 

as additives is one of the ways to expand the scale of use of low-grade clay rocks, improve technical 

properties, and reduce the cost of the resulting ceramic bricks [6]. 
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There is a slight increase in water absorption when the amount of brick powder in the batch 

increases. It tracks the dynamics of decreasing values for the samples' compressive strength, average 

density, thermal conductivity coefficient, and total shrinkage. [7] and [8] show that brick waste can 

be used in the current technology of ceramic brick grades M125 and M150 with a brick powder 

content of up to 30 weight percent in a two-component batch at a firing temperature of up to 950 °C. 

More recent studies have considered alternative waste streams. For example, [9] explores the 

use of a composite mixture of brick waste powder and ceramic powder as a substitute for clay in brick 

production. The study shows that approximately 27% of the clay can be replaced with waste while 

maintaining the same density, porosity, and water absorption capacity as bricks containing 100% 

clay. 

Waste from thermal power plants, particularly ash and slag, is also widely considered as raw 

materials for ceramic materials. Several studies have shown that these wastes contribute to the 

formation of a dense structure, a reduction in firing temperature, and an increase in strength properties 

[10], [11]. For example, adding thermal power plant slag to the ceramic mass, the sintering 

temperature affected the final materials' porosity. Because a compacted microstructure forms at 

higher temperatures, porosity decreases. Porosity increased with increasing CaO and Al2O3 

concentration, porosity decreased with increasing MgO and Fe2O3 content, while permittivity and 

electrical conductivity increased.  Firing at 1000-1200 °C yielded samples with a compressive 

strength of 45-60 MPa. The authors note that fly ash-based ceramics have a dense microstructure and 

low water absorption [10]. It dropped from sixteen percent to ten percent [11].  

Another waste that we used in our work is glass waste, which has a high content of SiO₂, Na₂O, 

CaO, and Al₂O₃. The addition of crushed glass to clay reduces sintering temperatures, improves phase 

transformations during firing, and creates a denser microstructure. The authors looked at using 

leftover glass in red ceramics to replace up to 20% of the sand. Samples were burned at 800, 900, and 

1000 °C. Density, flexural strength, and porosity all increased with the addition of 20% glass, 

reducing water absorption by 8-10% [12], [13]. 

Only a limited number of studies have addressed the combined use of wastes. In studies [14], 

[15], ceramic materials were produced from ash, slag, and cullet without the use of clay, achieving a 

strength of approximately 10 MPa at a firing temperature of approximately 1200 °C. As in our study, 

chemical and mineralogical analysis of the waste was conducted: X-ray fluorescence (XRF), X-ray 

diffraction (XRD), and scanning electron microscopy (SEM) to study the morphology and 

composition. In our work, we used ceramic waste as a third waste material. But the compressive 

strength results were similar: theirs was 10 MPa, ours was 9 MPa. The chemical composition of both 

works showed the predominance of the elements aluminum (25.8%) and silicon (53.7%). The most 

important difference between these works and ours is that we used clay as the main raw material, 

while they used waste. 

In studies [16], [17], binary waste systems (ceramic cullet and glass, or slag and ceramic scrap) 

were considered; however, a comprehensive assessment of the synergistic effect of multicomponent 

systems was lacking. As in our work, the technology consisted of the use of ceramic brick waste and 

glass waste with the addition of clay; firing was carried out at 700-900 °C, and the difference is that 

they didn't add slag. The granules exhibited low water absorption (<5%) and high resistance to cyclic 

heating. 

According to [17], to create ceramic tiles, they use steel slag and brick waste (ceramic scrap) 
crushed to powder form. Our material's moderate CaO and MgO content, along with its higher SiO2 

and Al2O3 content, ensures more stable sintering and prevents deformation during firing, according 

to a comparison of our XRF and XRD analysis results with published data. Cullet causes an 

amorphous glass phase to form, which densifies the structure, lowers porosity, and permits firing 

temperatures to be lowered to 900-1050 °C without compromising strength. The fact that we use 

cullet also provides advantages such as compaction of the structure, reduction of porosity, and allows 

us to reduce the firing temperature to 900-1050 °C while maintaining strength. 

Thus, a literature review reveals insufficient study of ceramic materials produced using 

combined waste streams, particularly in systems where clay is retained as the primary raw material 



Technobius, 2025, 5(4), 0092  

 

[12], [14], [15], [16], [17], [18], [19]. The mutual influence of ceramic cullet, thermal power plant 

slag, and cullet on sintering processes, microstructure formation, and physical and mechanical 

properties at low firing temperatures remains understudied.  

 Therefore, the research problem of this study is the lack of optimized ceramic body 

compositions that would enable the simultaneous recycling of several types of industrial waste, 

reduce firing temperatures, and maintain stable material performance characteristics. 

This study aims to develop and study clay-based ceramic materials using the integrated use of 

ceramic waste, thermal power plant slag, and glass cullet, as well as to evaluate their phase 

composition, microstructure, and physical and mechanical properties. It is expected that the combined 

use of various industrial wastes will achieve a synergistic effect, optimize chemical composition, and 

improve the environmental and economic efficiency of ceramic product production. 

 
2. Methods 

 

All raw materials, including clay, ceramic cullet, and slag used in this study, were collected 

from the SG Brick, LLP (Astana, Kazakhstan). Another waste material used was crushed bottle glass 

obtained from post-consumer glass waste (Astana, Kazakhstan). Caustic soda (NaOH, 98%, China) 

was used as an alkaline additive. Distilled water was used for the preparation of all mixtures. 

The sensitivity of the clay to drying was determined using the Chizhsky method [20] in 

laboratory conditions. Plates measuring 10×10×1 cm were formed and dried over a heating device at 

a temperature of 200 °C. The Rutkovsky technique was used to estimate the granulometric 

composition of clay [20]. 

The microstructure of the samples was analyzed using a scanning electron microscope (SEM). 

To make the geopolymer surfaces electrically conductive, a thin layer of gold was applied. The 

analysis was carried out using a JSM-IT200 scanning electron microscope (JEOL, Tokyo, Japan). 

mA DII-29010SCTR Smart Coater (JEOL, Tokyo, Japan) was used for gold coating of the samples. 

The chemical composition (elemental and oxide) of the specimens was determined using X-

ray fluorescence spectroscopy (XRF). The research (Figure 1) was conducted with the EDX-7200 

(SHIMADZU EUROPA GmbH, Duisburg, Germany); the PCEDX Navi software (Version: EDX-

7000P) was used. 

 

     
Figure 1 – EDS analysis of the selected point of the clay material 

 

First, all raw materials (clay, crushed glass, ceramic cullet, and slag) were dried to constant 

mass and ground to the required particle size. The dry components were then mixed according to the 

designed compositions. 

Cylindrical specimens were prepared using clay as the main raw material with the addition of 

glass waste, ceramic cullet, and slag. The content of each waste component varied individually and 

in combination, ranging from 5%, 10%, and 20% by weight relative to the clay content. NaOH 
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(caustic soda) was added to improve the strength of the compositions, 10% from the clay mass. NaOH 

was dissolved in water and then introduced into the dry mixture. 

The prepared mixtures were molded into cylindrical samples with initial dimensions of 5×10 

cm. After drying, the dimensions of the samples decreased to approximately 4.8×9.8 cm. Photographs 

of the dried samples are presented in Figure 2. The samples were dried in the drying machine SHS-

80-01 SPU of the NV-LAB (Almaty, Kazakhstan) at 100 °C for 12 hours. The dried samples were 

fired in a laboratory muffle furnace SNOL 8.2 of the SNOL-TERM (Tver, Russia) at the selected 

sintering temperatures up to 1000 °C with a holding time of 1 hour, followed by furnace cooling. 

 

 
Figure 2  – Waste-based ceramic samples after drying  

 

Images of the fired samples after compressive strength testing are shown in Figure 3 to provide 

visual documentation of the experimental procedure and sample integrity. The tests were carried out 

on presses from the company "Controls" (Italy). 

 

  
Figure 3 – Ceramic material tested for compressive strength 

 

                Samples were also tested to determine density, water absorption, and linear shrinkage. 

Water absorption was determined by weighing a dry and water-saturated sample. Bulk density was 

calculated using the dry mass of the sample divided by its geometrical volume. Linear shrinkage was 

calculated using the initial and final lengths of the samples before and after firing. 
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3. Results and Discussion 

 

The results of Chizhsky's method showed that the clay is less sensitive to drying. Table 1 

shows the granulometric composition of clay by the Rutkovsky method. 

 

Table 1 – Granulometric composition of clay by the Rutkovsky method 
Content of fractions, % by weight 

Sand particles of 1-0.05 mm Dusty particles of 0.05-0.005 mm Clay particles, less than 0.005 mm 
33.75% 49.79% 16.46% 

 

It was found that the majority of the material consists of silt particles 0.05-0.005 mm in size 

(49.79%), indicating the predominance of the fine fraction. The content of sand particles larger than 

0.05 mm is 33.75%, while the proportion of clay particles smaller than 0.005 mm is 16.46%. 

According to literature, the predominance of the dust fraction promotes denser particle packing and 

positively influences the formation of the ceramic body structure during firing, ensuring uniform 

shrinkage and reducing internal stress [21]. The presence of the sand fraction acts as a leaning 

component, reducing shrinkage deformations during drying and firing and decreasing the tendency 

of the products to crack. This clay belongs to the sandy loam type, with a moderate content of sand 

and dust particles and a relatively low proportion of clay fraction. This ensures satisfactory plasticity 

during molding and a low tendency to crack during drying. At the same time, the clay content ensures 

sufficient plasticity of the mass, necessary for molding ceramic products [22]. 

Air shrinkage was calculated using the findings of measuring the samples' size change upon 

drying. Table 2 indicates the physical results after firing the clay. 

 

Table 2 – Results after firing 
Firing 

temperature 

Average density, 

g/cm3 

Linear fire 

shrinkage, % 

Volumetric fire 

shrinkage, % 

Linear total 

shrinkage, % 

Volumetric total 

shrinkage, % 

950 1.73 0.30 0.48 3.65 8.65 

960 1.75 0.47 1.80 4.1 8.89 

 

According to Table 2, increasing the firing temperature from 950 °C to 960 °C results in an 

increase in average density from 1.73 to 1.75 g/cm3. This indicates compaction of the ceramic body. 

At higher temperatures, diffusion processes are enhanced, leading to denser particle packing and a 

reduction in pore space. Linear shrinkage during firing increases from 0.30% to 0.47%, while 

volumetric shrinkage increases from 0.48% to 1.80%. This indicates that volumetric shrinkage is 

more sensitive to temperature changes. Linear total shrinkage increases from 3.65% to 4.1%, while 

volumetric shrinkage increases from 8.65% to 8.89%. This suggests that increasing the firing 

temperature to 960 °C enhances material compaction without causing excessive deformation [23]. 

Figure 4 shows the clay’s microstructure analysis report by scanning electron microscope. 

 

  
a) Magnification 1000x b) Magnification 3500x 

Figure 4 – Micrograph of clay 
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According to the image at 1000x magnification, particles measuring 20–30 µm in length have 

a layered, laminar structure with distinct edges and fracture planes characteristic of layered minerals 

such as kaolinite, montmorillonite, or illite. At 3500x magnification, particles measuring 0.2–1.5 µm 

with a scaly relief indicate the presence of montmorillonite. It was noticed in [24] too. 

The chemical composition of clay by element is shown in Table 3 (Figure 1). 

 

Table 3 – Element-by-element composition of clay, % 

О Mg Na Al Si K Fe 

45.26 0.95 2.26 16.3 26.21 4.97 4.05 

 

Utilizing energy-dispersive X-ray spectroscopy (EDS), the elemental makeup of the clay 

sample was ascertained. We were able to determine the primary oxides that make up the material's 

structure. The spectrum contained the following elements: O, Si, Al, Fe, Mg, Na, and K. Oxygen (O) 

ensures the stability of the crystal lattice and binds metals to form stable oxides. Silicon (Si) is 

responsible for hardness, chemical resistance, and the formation of quartz and glassy phases. 

Aluminum (Al) increases refractoriness and promotes the formation of mullite (3Al2O3 2SiO2), which 

provides high strength and fire resistance. Magnesium (Mg) improves heat and chemical resistance 

and participates in the formation of high-temperature phases. Sodium (Na) and Potassium (K) act as 

fluxing elements, accelerating the sintering process. They promote the formation of the glassy phase, 

reduce porosity, and increase mechanical strength [8]. 

Table 4 displays the findings of the chemical composition of clay by oxides.  

 

Table 4 – Oxide chemical composition of clay, %

Na2O MgO Al2O3 SiO2 K2O FeO 

2.98 1.54 30.08 54.51 5.81 5.07 

 

Good brick clay contains Al2O3 in the range of 20-30%, SiO2 in the range of 50-60%, CaO in 

the range of 1-5%, and Fe2O3 in the range of 5-6% [25], [26]. SiO2 determines plasticity, heat 

resistance, and shrinkage during firing; Al2O3 and MgO impart strength, fire resistance, and other 

oxides reduce the melting temperature and improve sintering [27]. 

Figure 5 shows the chemical composition of slag obtained by XRF analysis. 

 

 
Figure 5 – Chemical composition of slag 

 

SiO2 and Al2O3 make up the majority of these ashes, with trace quantities of Fe2O3, K2O, SO3, 

and CaO. Its chemical makeup is comparable to what other writers have described [28], [29]. The 

high silica content is similar to that found in clays used for ceramic bricks, making the material 

suitable for replacing part of the clay. Al2O3 aids in the synthesis of mullite (3Al2O3 2SiO2).  Both 

oxides are responsible for the mechanical strength and heat resistance of ceramics. Fe2O3 content of 
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up to 6% ensures normal fusibility without the risk of overfiring [12]. The oxides CaO, MgO, K2O, 

TiO2, and SO3 are present in small quantities (less than 2%). They primarily reduce the sintering 

temperature and form a liquid phase. 

Figure 6 shows the percentage of oxides in glass waste. 

 

 
Figure 6 – Chemical composition of glass waste 

 

Silicon dioxide is the main component of glass waste [30]. A SiO2 content of 70-73% indicates 

the amorphous nature of the glass, which is capable of forming a stable silicate structure. Calcium 

oxide acts as a stabilizer for the glass structure. The total content of the remaining oxides does not 

exceed 3%, so they do not significantly affect the chemical balance of the material. However, they 

certainly contribute to the formation of a homogeneous microstructure [31]. 

Figure 7 demonstrates the chemical composition of ceramic broken brick waste. 

 

 
Figure 7 – Chemical composition of broken brick waste 

 

According to X-ray fluorescence (XRF) data from a number of open-source studies [17], 

ceramic waste is characterized by a predominance of SiO2, Al2O3, and Fe2O3, with low contents of 

CaO, MgO, and Na2O, which we also observe in our work. These oxides explain the appearance of 

anorthite/diopside/gehlenite phases in the system during co-sintering with slag. Ceramic waste acts 

as a structural filler and flux. Together with cullet and slag, it contributes to the compaction of the 

microstructure. This combination of waste allows for the optimization of the chemical composition 

of the ceramic material, improving its strength characteristics and reducing energy costs during firing. 

10 % glass paint, 10 % ceramic paint, 5 % slag, and 10 % caustic soda were used in quantities 

to establish the sample's maximum compressive strength of 16 MPa. Glass begins to soften and melt 

at temperatures of 700-900 °C, filling the pores between clay particles and promoting sintering. This 
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improves particle adhesion and reduces porosity, which directly increases compressive strength [24]. 

The total amount of waste was 25%, which is similar to the study where the waste was 25%-30% [8], 

[9]. 

Ceramic cullet acts as an inert filler, reducing shrinkage during drying and firing [32]. Slag 

promotes the formation of additional silicate and aluminosilicate phases [33]. 

The compressive strength of the material was 16 MPa. The water absorption of the samples 

was 7%. A reduction in size of 0.2 cm corresponds to approximately 4% shrinkage in diameter and 

2% in height. The density of the samples is approximately 1.32 g/cm3. 

 
4. Conclusions 

 

The present study showed that wastes such as glass, ceramic cullet, and thermal power plant 

slag are effective at using them in ceramic production. Granulometric analysis of the clay revealed 

that it is a moderately plastic clay with low drying sensitivity.  

The stable functional roles of the components in the multicomponent system were established. 

Glass cullet acts primarily as a fluxing component: during firing, it promotes the formation of a liquid 

phase, intensifies sintering, and leads to microstructural compaction. Ceramic waste acts as an inert 

filler, stabilizing the formation and behavior of the mass during firing by reducing its tendency to 

excessive shrinkage and deformation. 

It has been shown that such a system is characterized by an optimal waste content range: 

moderate dosages provide a positive (synergistic) effect and improve operationally significant 

characteristics, whereas excessive replacement of clay with waste can disrupt the sintering balance 

and lead to the preservation of porosity, which limits strength and increases water absorption. This 

confirms that the properties of multicomponent mixtures are not simply the sum of the effects of 

individual additives and require targeted optimization of the composition. 

Thus, the integrated use of glass cullet, ceramic waste, and slag in a clay base is a 

technologically feasible approach for the simultaneous recycling of several types of industrial waste, 

reducing the consumption of natural clay and potentially reducing firing energy consumption by 

intensifying sintering processes. Promising areas for further research include assessing durability 

(including frost resistance), the reproducibility of properties with varying waste composition, and the 

environmental safety of materials (particularly in terms of leaching properties). 
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Abstract. Extreme continental climates in Kazakhstan impose large diurnal and seasonal thermal gradients in 

pavements, accelerating temperature-related distress. This study develops and validates a two-dimensional finite 

element model for predicting non-stationary temperature fields in multilayer pavement–subgrade systems from 

geographic location and climatic inputs. The transient heat-conduction problem with a surface thermal-balance 
boundary condition was implemented in MATLAB (PDE Toolbox). Validation used hourly temperatures from 

embedded sensors on the Kyzylorda-Shymkent (at km 2057) and Oskemen-Zyryanovsk (at km 0+075) highways during 

1-31 July 2014. Predictions reproduced the attenuation of temperature amplitude with depth and closely matched 

measurements: coefficients of variation were <0.25 and correlations approached 1.0 at 2.1 m. Root mean square errors 

ranged from 0.44-7.49 C and 0.26-5.65 C for the two sites. The approach supports climate-resilient pavement design 

using readily available air-temperature data. 

Keywords: temperature regime, non-stationary temperature field, numerical methods, finite element method, pavement. 

 
1. Introduction 

 

Highways are complex engineering systems that require consideration of numerous factors 

during their design, including the temperature regime [1].  In particular, the continental climate of 

Kazakhstan is characterized by a wide range of temperature fluctuations between winter and summer, 

low air humidity, and limited precipitation across most of the territory. Additionally, the northern 

regions experience long and harsh winters accompanied by short summers, whereas in the southern 

regions, winters are short and summers are prolonged and hot [2]. 

To enable long-term monitoring of temperature and moisture variations within pavement 

layers and the subgrade under different climatic conditions, three specialized measurement complexes 

were installed near Astana in 2010 [3]. These complexes were equipped with temperature and 

humidity sensors embedded in road sections with asphalt and cement-concrete pavements [4]. Later, 

in 2013, similar systems were installed near Oskemen, Almaty, Shymkent, and Atyrau [5]. 

The determination of the transient temperature field within pavement and subgrade layers of 

roads relies on mathematical modeling methods, which are widely applied worldwide in various 

forms [6]. All such approaches primarily use air temperature data as input. The determination of 

pavement surface temperature – essential for defining boundary conditions in mathematical models 

– is addressed differently by researchers [7]. Typically, the diurnal and seasonal variations in solar 

radiation intensity are first evaluated, which depend significantly on the geographic latitude of the 

location [8], [9]. In some cases, average seasonal wind speeds are incorporated, while in others, 
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empirical relationships for convective heat exchange at the pavement surface are employed [10]. 

However, the applicability of these models is limited under the climatic conditions of Kazakhstan. 

Many existing pavement temperature prediction models were developed for regions with moderate 

climates and relatively stable humidity levels, and they often rely on empirical coefficients calibrated 

for specific geographic zones. In contrast, Kazakhstan is characterized by a sharply continental 

climate with extreme seasonal and daily temperature variations, low atmospheric humidity, and 

significant differences in solar radiation intensity across regions. These factors reduce the accuracy 

of models that do not explicitly account for regional climatic parameters and local thermophysical 

properties of pavement materials. 

In recent years, approaches have been actively developed that combine the finite element 

method with climate models for analyzing thermal processes in road structures [11], [12]. These 

works demonstrate the potential for predicting temperature fields, considering the dynamics of 

climate change and regional peculiarities of heat exchange. In particular, the integration of data on 

solar radiation, humidity, and wind loads enhances the accuracy of modeling seasonal temperature 

fluctuations in road surface temperatures. It shows that the finite element method (FEM) is widely 

used in solving temperature-related problems for various pavement types [13], [14]. Moreover, FEM 

is applied to analyze the influence of climatic factors and material properties on pavement 

temperature and the near-surface thermal environment [15], [16]. The method’s universality also 

makes it possible to combine temperature prediction models with mechanical property analysis for 

investigating thermally induced mechanistic behavior in pavement structures [17], [18]. Furthermore, 

FEM enables two- and three-dimensional heat transfer modeling, which is essential for analyzing 

planar thermal processes within pavement systems [19]. 

Therefore, this study aims to develop and validate a numerical model for predicting non-

stationary temperature fields in multilayer pavement structures based on geographic location and 

climatic conditions. The model is verified using experimental data obtained from two highway 

sections: the “Kyzylorda-Shymkent” (km 2057) and “Oskemen-Zyryanovsk” (km 0+075) highways 

for the period 1-31 July 2014. The calculated results are compared with hourly temperature 

measurements recorded by embedded sensors. 

 
2. Methods 

 

The proposed model is verified based on the comparison of experimentally measured and 

numerically computed temperature values within pavement and subgrade layers.  

First, the model determines the thermal balance on the road surface. The total heat flux 

incident on the pavement surface (𝑞(𝑡)𝑡) results from the combined influence of various external 

factors, including the temperature difference between the ambient air and the pavement surface, 

which induces convective heat exchange between the two media [20], [21]. In general form, the total 

heat flux acting on the pavement surface (Figure 1) at any given time can be expressed as follows: 

𝑞(𝑡) = 𝑞𝑘 + 𝑞𝑐 + 𝑞𝑠 + 𝑞𝑎 + 𝑞𝑒,                                                  (1) 

where: 𝑞𝑒 – latent heat flux associated with moisture evaporation from the pavement surface, kW/m2. 

 

 
Figure 1 – Schematic representation of the total heat flux formation on the pavement surface 
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However, when solving the specific problem, the first term in Eq. (1) is excluded, since it is 

determined by the following expression: 

𝑞𝑘 = −𝑘
𝑇𝑑−𝑇

𝑑
𝑘𝑇𝑑𝑇𝑑𝑑,                                                       (2) 

where: k – coefficient of conductive heat transfer, W/(m·°C); T – temperature at the pavement surface 

point to be determined, °C; d – depth of the considered point within the pavement structure, m; Td – 

temperature at a certain depth (d), °C. 

Consequently, 𝑞𝑘 = 0, because at the pavement surface 𝑑 = 0 and 𝑇𝑑 = 𝑇. Thus, the total 

heat flux acting on the pavement surface, which is required for defining the boundary condition of 

the Cauchy problem, is expressed as follows: 

𝑞(𝑡) = 𝑞𝑐 + 𝑞𝑠 + 𝑞𝑎 + 𝑞𝑒                                                     (3) 

The transient heat conduction in a plane (2D) solid body is described by a parabolic-type 

differential equation: 

𝐾𝑥𝑥
𝜕2𝑇

𝜕𝑥2 + 𝐾𝑦𝑦
𝜕2𝑇

𝜕𝑦2 + 𝑄 = 𝜆
𝜕𝑇

𝜕𝑡
,                                                    (4) 

with the following boundary conditions: 

𝐾𝑥𝑥
𝜕𝑇

𝜕𝑥
𝑙𝑥 + 𝐾𝑦𝑦

𝜕𝑇

𝜕𝑦
𝑙𝑦 + ℎ𝑐(𝑇 − 𝑇в) + 𝑞 = 0,                                        (5) 

where: 𝐾𝑥𝑥 and 𝐾𝑦𝑦  – coefficients of conductive heat transfer along the coordinate axes, kW/(m·°C); 

ℎ𝑐 – convective heat transfer coefficient between the surface of the solid body and the surrounding 

air, kW/(m²·°C); 𝑇 – unknown temperature of the body surface where convective heat exchange 

occurs, °C; 𝑄 – internal heat source within the body, kW/m³; 𝑇𝑎 – known ambient air temperature, 

°C; 𝑙𝑥 , 𝑙𝑦 – directional cosines; 𝑞 – heat flux intensity, kW/m²; 𝜆 = 𝑐𝜌, where 𝑐 is the specific heat 

capacity, J/(kg·°C), and 𝜌 is the material density, kg/m3. 

The differential equations and boundary conditions used in Eqs. (4) and (5) are based on the 

classical principles of the theory of unsteady thermal conductivity [22], [23] and implemented using 

finite element modeling techniques in accordance with [24], [25]. 

To solve Eq. (4), the variational principle is used, according to which, when the heat transfer 

process reaches its transient steady state, the amount of heat accumulated by the body at that moment 

attains its minimum value. 

In this work, the method of approximate replacement of the partial time derivative with its 

finite-difference analog using a central difference scheme is applied. As a result, the differential 

equation is reduced to a system of linear algebraic equations: 

([𝐾] −
2

𝛥𝑡
[𝐶]) {𝑇}0 − 2{𝐹}∗,                                                    (6) 

where: {𝐹}∗ =
1

2
({𝐹}1 + {𝐹}0). Here, the nodal heat load vectors {𝐹0}and {𝐹1} correspond to the time 

moments 𝑡 and 𝑡 + Δ𝑡, respectively ({𝑇0}𝑡𝑡 + Δ𝑡{𝑇1}{𝐹}∗). Assuming that the initial nodal 

temperature values at time are known, the nodal temperature values at time can be obtained by solving 

Eq. (6), respectively. The column vector contains known parameters; therefore, it can be calculated 

before solving Eq. (6). 

The calculations were performed in the MATLAB environment using a custom script based 

on the standard PDE Toolbox libraries. An uneven grid with a depth step of 0.02-0.05 m was used 

for sampling. The criterion for the convergence of the iterative process was considered to be a change 

in the temperature of nodes of less than 0.001 °C in neighboring iterations. The correctness of grid 

independence was monitored by reducing the grid pitch by 50% and checking the stability of the 

results (< 1% discrepancy). 

The proposed method for solving the transient heat conduction problem for a multilayer 

pavement structure was tested on the “Kyzylorda-Shymkent” highway section, at km 2057, near the 

city of Turkestan in the Turkestan region, and on the “Oskemen-Zyryanovsk” highway section, at km 

0+075, between 1 and 31 July 2014 by comparing the calculated temperatures with experimental data 

obtained under similar climatic conditions. The validation of the results was performed by statistical 

analysis, including the estimates of the coefficients of variation, correlation factors, and the indicators 
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of the root mean square error (RMSE), which together provided an opportunity to assess the reliability 

of the model and the degree of accuracy of its predicted values. 

The “Kyzylorda-Shymkent” highway pavement structure consists of 6 pavement layers, and 

the “Oskemen-Zyryanovsk” highway – 3, constructed on a soil subgrade (Figure 2), with layer 

thicknesses and materials' physical, mechanical, and thermophysical properties shown in Table 1. 

 

  

a) Kyzylorda-Shymkent b) Oskemen-Zyryanovsk 

Figure 2 – Structure of the highway sections with a layout of temperature and humidity sensors 

 

Table 1 – Characteristics of the layers 
Layer 
No. 

Material of the layer Thickness, 
m 

Thermal conductivity 
coefficient, W/(m·°C) 

Specific heat 
capacity, J/(kg·°C) 

Density, kg/m3 

Kyzylorda-Shymkent highway section 

1 Fine-grained asphalt concrete 0.05 1.40 1650.0 2400 

2 Coarse-grained asphalt concrete 0.10 1.25 1650.0 2300 

3 Fine-grained asphalt concrete (old layer) 0.13 1.40 1650.0 2400 

4 Coarse-grained cold asphalt concrete 0.42 1.25 1650.0 2300 

5 Sand-gravel mix (fine) 0.20 1.80 1000.0 1400 

6 Sand-gravel mix (coarse) 0.30 1.80 1000.0 1900 

7 Subgrade soil (heavy sandy loam) - 1.62 1450 200 

Oskemen-Zyryanovsk highway section 

1 Fine-grained asphalt concrete and 
bituminous binder 

0.03 1.40 1650 2400 

2 Cold asphalt concrete 0.10 1.25 1650 2300 

3 Sand-gravel mix 0.10 1.80 1000 1900 

4 Subgrade soil (heavy sandy loam) - 1.62 1450 200 

 

The Interpribor Company (Chelyabinsk, Russia) has manufactured temperature and humidity 

sensors at the order of the JSC “Kazakhstan Road Research Institute”. Each sensor, made in the form 

of a metal capsule, contains an element for measuring temperature based on the effect of thermal 

resistance and an element for measuring humidity through diamagnetic permeability [5]. The 

temperature elements of the sensors were calibrated by the manufacturer, and the moisture elements 

were tested by the JSC “Kazakhstan Road Research Institute” laboratory. Calibration of the sensors 

was carried out using the soils selected at their installation location. 

 
3. Results and Discussion 

 

The results of comparison between the experimental data and the calculated results obtained 

using the MATLAB-based program for the “Kyzylorda-Shymkent” and “Oskemen-Zyryanovsk” 

highway sections, for the period 1-31 July 2014, are presented in Figures 3 and 4. 
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a) At a depth of 0.02 m (pavement surface) 

 
b) At a depth of 0.15 m 

 
c) At a depth of 0.7 m 

 
d) At a depth of 2.1 m 

Figure 3 – Temperature values for the “Kyzylorda-Shymkent” highway section 
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a) At a depth of 0.02 m (pavement surface) 

 
b) At a depth of 0.23 m 

 
c) At a depth of 0.7 m 

 
d) At a depth of 2.1 m 

Figure 4 – Temperature values for the “Oskemen-Zyryanovsk” highway section 
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Figures 3 and 4 above demonstrate the temperature fluctuations over 31 days of July 2014 at 

the various depths between 0.02 and 2.1 m of the highway sections “Kyzylorda-Shymkent” and 

“Oskemen-Zyryanovsk”, respectively. In both sections, there is a noticeable trend toward a decrease 

in the amplitude of temperature fluctuations with an increase in measurement depth. It is also seen 

that the curves representing the calculated values of the temperature are very close to those of 

experimentally measured ones. The results of the statistical analysis in Figures 5 and 6 present more 

detailed insights into the significance of this proximity. 

 

  
a) Kyzylorda-Shymkent b) Oskemen-Zyryanovsk 

Figure 5 – Coefficient of variation 

 

Figure 5 shows the coefficients of variation for the calculated and experimental values of 

temperature, which reveals the extent of their dispersion. Thus, for both highway sections, the 

coefficients of variation are less than 0.25, while their average values are at a low level and differ 

slightly. This may indicate a certain stability in the measurements with sensors (for experimental 

values) and in the estimates with the model (for calculated values). Overall, the decrease in the values 

of the coefficients of variation is observed with the increase in depth. To reflect the convergence 

between the calculated and experimental values, Figure 6 presents the results of correlation factor 

estimates along with the RMSE. 

 

  
a) Kyzylorda-Shymkent b) Oskemen-Zyryanovsk 

Figure 6 – Correlation factor and RMSE 

 

Figure 6 shows that at greater depths, the calculated values of temperature correlate with 

experimental values for both highway sections. Thus, at a depth of 2.1 m, the correlation factor is 

really close to 1.0, and at a depth of 0.7 m, the correlation factor is still higher than 0.9 for the 

“Kyzylorda-Shymkent” highway section, but for the “Oskemen-Zyryanovsk”, it is around 0.5, 
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decreasing to 0.3 at a depth of 0.23 m and rapidly increasing to 0.8 at a depths of 0.02 m, suggesting 

the influence of external factors during the run of the model (computer malfunctions, power surges). 

This pattern is clearly visible in Figures 4b and 4c, where deviant fluctuations of the calculated values 

of the temperature can be observed at depths of 0.23 and 0.7 m. Despite this occurrence, the RMSE 

values reflect pretty low ranges of 0.44-7.49 C for the “Kyzylorda-Shymkent” highway section, and 

0.26-5.65 C for the “Oskemen-Zyryanovsk” highway section, averaging to 3.17 and 3.14 C, 

respectively. 

Overall, the results of comparing the calculated and experimental temperature values at the 

nodal points of the studied highway sections indicate the adequacy of the proposed mathematical 

model for describing the formation of the transient temperature field in the examined multilayer 

pavement structure. The slight discrepancy between the calculated and experimental results of the 

transient temperature field in the multilayer pavement structure may be attributed to the assumption 

regarding the intentional time shift applied when determining the nodal load vector [5].  

Thus, the proposed method for solving the transient heat conduction problem makes it possible 

to determine the non-stationary temperature field in a multilayer pavement structure using only the 

time-dependent air temperature data for the period of interest, which can be obtained from a 

meteorological station located near the studied highway section. The developed model makes it 

possible to predict the temperature field for various road surface structures, taking into account the 

climatic parameters of the region, which can be used in the design of thermally deformable road 

surfaces and optimization of the composition of asphalt mixtures. 

 
4. Conclusion 

 

This study developed a two-dimensional finite-element framework to reproduce the non-

stationary temperature field in multilayer pavement–subgrade systems using a surface heat-flux 

boundary condition derived from the pavement thermal balance and time-dependent meteorological 

input. The model was implemented in MATLAB (PDE Toolbox) with verified convergence and grid-

independence controls, enabling stable transient solutions over the analyzed period. 

Validation against hourly in-situ sensor records for two highway sections (“Kyzylorda-

Shymkent” and “Oskemen-Zyryanovsk”) over 1-31 July 2014 showed that the computed temperature 

profiles closely follow measured trends across depths from 0.02 to 2.1 m, with attenuation of 

fluctuation amplitude with depth captured consistently. Statistical agreement indicators confirmed the 

adequacy of the approach: coefficients of variation were below 0.25, correlations improved with 

depth (approaching 1.0 at 2.1 m), and RMSE values remained within practical bounds (0.26-7.49 °C 

depending on depth/section). 

From an engineering standpoint, the proposed model provides a practical tool for estimating 

internal pavement temperatures needed for thermally driven performance checks (e.g., material 

selection, seasonal construction/maintenance planning, and subsequent coupling with mechanistic 

response analyses). Remaining discrepancies are plausibly linked to input/measurement irregularities 

and simplifying assumptions in boundary/loading representation. Future work should extend the 

framework toward coupled heat-moisture processes, improved representation of external climatic 

actions, and three-dimensional simulations for complex geometries and localized effects. 
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Abstract. This study evaluates sodium sulfonate as a structuring surfactant for non-autoclaved aerated concrete to 
stabilize pore formation and improve performance. A laboratory dosage series (0-0.25% by cement mass, water-to-cement 

ratio 0.45) and a pilot D700 production verification (GB1-GB4) were performed. At 28 days, the reference mixture 

reached 1.5-2.0 MPa, while 0.10-0.15% sodium sulfonate increased strength to 2.3-2.7 MPa; higher dosages reduced 
strength and impaired pore stability. In the pilot series, average density ranged from 610 to 740 kg/m3 and compressive 

strength from 2.0 to 2.5 MPa, with GB3 showing the best strength-to-density balance (SQC 0.034). Abrasion improved 

from 0.84 to 0.71 g/cm2. The additive improved plasticity and pore uniformity. Overall, 0.10-0.15% is recommended for 
practical production with minimal process complexity. 

Keywords: aerated concrete, sodium sulfonate, non-autoclave hardening, aluminum powder, cellular structure. 

 
1. Introduction 

 
Among the various types of cellular concrete, special attention is paid to non-autoclaved 

aerated concrete, the production of which does not require expensive autoclave equipment and high-

temperature processing. This approach significantly reduces capital costs and simplifies the 

technological process, making it accessible to a wide range of construction companies [1]. 

Cellular concrete is currently one of the most sought-after building materials due to its 
combination of low specific weight, high thermal and sound insulation properties, and sufficient 

mechanical strength for use in load-bearing and enclosing structures [2]. These materials are 

characterized by a porous structure, which is formed by introducing a gas generator into the cement-

mineral matrix, significantly reducing density and improving thermal insulation characteristics. One 

of the key technological challenges in the production of non-autoclaved aerated concrete is the 
stabilization of the gas structure during the hardening period. The pores formed during the chemical 

decomposition of the gas generator must be evenly distributed and stable until the cement stone has 

completely set. Failure to comply with this condition leads to the formation of uneven porosity, a 

decrease in strength, and a deterioration in the thermal insulation characteristics of the material. 

To solve this problem, surfactants are often added to the non-autoclaved aerated concrete 
formula to help stabilize the foam and form a uniform porous structure. Among them, sodium 

sulfonate (Na-SO₃ compounds) is of particular importance – an anionic surfactant with the unique 

ability to simultaneously stabilize gas bubbles, improve the distribution of liquid in cement paste, and 

regulate the size and shape of pores [3]. In addition, sodium sulfonate performs several additional 

functions in the concrete mix. It can act as a plasticizer, improving the workability and mobility of 
the fresh mix without increasing the water-cement ratio, as well as a pore structure regulator, allowing 

a uniform and fine-pored matrix to be obtained. The introduction of such an additive has a positive 

effect on strength characteristics, reduces shrinkage deformation, and improves the frost resistance of 

https://doi.org/10.54355/tbus/5.4.2025.0094
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the finished material. Practical interest in sodium sulfonate is also due to its economic affordability 
and technological simplicity of application. Experimental studies show that the optimal dosage of this 

additive depends on the designed density of aerated concrete and can vary between 0.05 and 0.25% 

of the cement mass, ensuring a balance between strength, density, and stability of the porous structure. 

In general, the use of sodium sulfonate allows for the production of non-autoclaved aerated concrete 

with improved performance characteristics that can compete with materials produced using autoclave 
treatment. 

In modern construction, special attention is paid to expanding the raw material base through 

the use of affordable mineral components and technological additives, such as cements of various 

compositions, slag products, aluminum powder, and surface-active substances. These materials make 

it possible to create lightweight, thermally efficient, and durable building products, in particular non-
autoclaved aerated concrete, without the use of complex and expensive autoclave equipment [4]. One 

of the main technological challenges in the production of non-autoclaved aerated concrete is the 

formation of a stable porous structure. The gas bubbles formed during the reaction of the gas generator 

with the cement paste must retain their shape and be evenly distributed until the cement stone sets. 

Failure to comply with this condition leads to uneven porosity, reduced strength, and deterioration of 
the material's thermal insulation characteristics. Surface-active additives are widely used to stabilize 

the gas structure. The most promising of these is sodium sulfonate, which simultaneously acts as a 

foam stabilizer, pore structure regulator, and plasticizer. Its introduction ensures a more uniform 

distribution of pores, reduces the tendency of the mixture to delaminate, and improves the fluidity of 

the cement paste. Experiments show that the optimal concentration of sodium sulfonate is 0.05–
0.25% of the cement mass, which allows a balance to be achieved between the strength and density 

of the material.  

Previous studies [5] have shown that the addition of sodium sulfonate increases the 

compressive strength of aerated concrete by 10-20% compared to control samples without additives 

and simultaneously reduces its density by 5-15%. In addition, stabilizing the porous structure reduces 
the thermal conductivity of the material to 0.11-0.13 W/m×K, which makes the products more energy 

efficient and helps reduce the cost of heating and air conditioning buildings. The relevance of 

developing technologies for the production of non-autoclaved aerated concrete with modifying 

additives is determined by the need to improve the energy efficiency of buildings and structures. The 

use of sodium sulfonate allows for the production of lightweight blocks with a uniform porous 
structure, low thermal conductivity, and satisfactory strength, while reducing energy consumption for 

technological processes and minimizing operating costs. 

This study aims to obtain a non-autoclaved aerated concrete with the addition of sodium 

sulfonate, providing an optimal combination of strength, density, and thermal insulation properties. 

The results obtained contribute to the expansion of the raw material base and improve the 
environmental and economic efficiency of construction technologies [6]. 

 
2. Methods 

 

2.1 Materials and experimental design 
Non-autoclaved aerated concrete was produced using Portland cement M400 from Caspian 

Cement, LLP (Aktau, Kazakhstan) as the binder and sodium sulfonate from Damu-Chemistry, LLP 

(Karaganda, Kazakhstan) as a structuring additive. Quartz sand with a particle size of ≤ 2.5 mm was 

used as the fine aggregate. The water-to-cement ratio (W/C) was kept constant at 0.45 for the 

laboratory dosage study. For each composition, at least three specimens were prepared for 
compressive strength testing and three specimens for abrasion resistance testing. The tests were 

carried out in the “Building Materials and Building Thermophysics” testing laboratory of the West 

Kazakhstan Innovation and Technology University (Uralsk, Kazakhstan). 

The study consisted of two stages: 
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- Stage A (laboratory dosage study): sodium sulfonate dosage varied from 0 to 0.25% by 
cement mass, while cement and sand quantities and W/C were kept constant (Table 1). 

- Stage B (pilot/production verification, designed density D700): a plant-scale series (GB1-

GB4) produced under production conditions, with a fixed base recipe and stepwise sodium sulfonate 

dosage (Table 2). 

 
Table 1 – Sample mixtures 

Sample Cement, g Sand, g Sodium sulfonate, % of cement weight W/C 

1* 400 1200 0.00 0.45 

2 400 1200 0.05 0.45 

3 400 1200 0.10 0.45 
4 400 1200 0.15 0.45 

5 400 1200 0.20 0.45 

6 400 1200 0.25 0.45 

* Reference sample 

 
2.2 Mixing and specimen preparation (Stage A) 

For each batch, component proportions were calculated for a single mix. Sodium sulfonate 

was first dissolved in a portion of the mixing water, then combined with the remaining water. Dry 

materials were mixed in a laboratory mixer for 60-90 s, after which the sulfonate solution was 

introduced and mixing continued for 2-3 min until a homogeneous mixture was obtained. The mixture 
temperature and total mixing time were recorded. 

Specimens were cast into molds of 100×100×100 mm for compressive strength testing and 

70×70×40 mm for abrasion testing. Molds were filled in one or two layers with light tamping (without 

intense vibration). The surfaces were leveled, covered with plastic film, and kept in molds for 24 ± 4 

h at 20 ± 2 °C. After demolding (24-48 h), specimens were cured under natural conditions at 20-25 
°C and relative humidity ≥ 50% until testing at 28 days. 

 

2.3. Pilot/production compositions and curing (Stage B, D700) 

Pilot compositions (GB1-GB4) were produced under the technological conditions of Batys 

Story Engineering, LLP (Uralsk, Kazakhstan) for a designed density D700 [7], with sodium sulfonate 
introduced into the dry mixture as a structure-forming additive, guided by [8]. The fixed base recipe 

and the sodium sulfonate variation are summarized in Table 2. 

 

Table 2 – Pilot/production compositions (Stage B, designed density D700) 
Sample Sand, kg Cement, kg Water, l Caustic soda, kg Aluminum powder, kg Sodium sulfonate content, % 

GB1* 403 310 260 3 0.55 - 
GB2 403 310 260 3 0.55 10 

GB3 403 310 260 3 0.55 20 

GB4 403 310 260 3 0.55 30 

* Reference sample 

 

After molding, pilot specimens were subjected to heat treatment in a drying chamber at 60 °C 

before subsequent testing. 

 

2.4. Compressive strength testing 
Compressive strength was determined in accordance with [9] using a hydraulic press 

(maximum capacity 1000 kN). Before testing, specimen surfaces were cleaned, and dimensions were 

measured. The load was applied at 0.5-0.8 MPa/s until failure. The compressive strength test setup is 

shown in Figure 1. 
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Figure 1 – Testing aerated concrete samples for compressive strength 

 

2.5. Abrasion resistance testing 

Abrasion resistance was measured on 70×70×40 mm specimens (Stage A) and, for the pilot 

study, by mass-change measurements using the IB-1 device. Abrasion testing was conducted in 

accordance with [10], using a rotating-disc abrasion configuration with quartz sand (0.5-1.0 mm) and 
an applied load of approximately 294 N (30 kgf). After testing, specimens were cleaned and dried at 

105 ± 5 °C to constant mass. Abrasion was quantified by mass loss and, where required, converted to 

volumetric abrasion using specimen density. The abrasion test setup is shown in Figure 2. 

 

  
Figure 2 – Testing aerated concrete samples for abrasion resistance 

 
3. Results and Discussion 

 

3.1. Effect of sodium sulfonate dosage in laboratory mixtures 
The compressive strength of non-autoclaved aerated concrete increased with sodium sulfonate 

dosage up to an optimum range, after which the strength began to decline. This trend is summarized 

in Table 3, where the reference mixture without an additive shows a 28-day compressive strength of 

1.5-2.0 MPa, while mixtures with 0.10-0.15% sodium sulfonate reach 2.3-2.7 MPa; at 0.20% and 

above, the strength decreases, and the structure is reported to deteriorate at >0.25%. 
 

Table 3 – Dependence of aerated concrete properties on sodium sulfonate dosage (laboratory series) 
Sodium sulfonate dosage, % by 

cement mass 

Compressive strength after 28 

days, MPa 

Note 

0.00 1.5-2.0 Basic level 

0.05 2.0-2.2 Slight improvement 
0.10 2.3-2.5 Optimal structural improvement 

0.15 2.5-2.7 Maximum positive effect 

0.20 2.4-2.6 Slight decline due to overcompaction 
>0.25 2.0-2.2 Structure deteriorates, overmoistening 
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The same direction of influence is reflected in the broader set of property changes attributed 
to sodium sulfonate (workability, pore size, density, thermal conductivity, and water absorption), 

indicating that the additive improves mixture plasticity and pore uniformity while lowering bulk 

density and thermal conductivity, with a slight increase in water absorption (Table 4). 

 

Table 3. Changes in aerated concrete properties when sodium sulfonate is introduced 
Property Direction of 

change 
Without additive With additive Comment 

Plasticity of mixture Increases 14–16 cm cone 

settlement 

17–19 cm Improved formability and 

homogeneity 

Porosity uniformity Increases Pore size 1.2–1.8 mm Pore size 0.8–1.2 
mm 

More stable pore structure due to 
foam stabilization 

Bulk density (kg/m³) Decreases 580–600 520–540 Material becomes lighter; thermal 

insulation improves 
Compressive 

strength (MPa) 

Increases (~5–

10%) 

2.8–3.0 3.1–3.3 Structure compaction and stronger 

bonding 

Thermal conductivity 
(W/(m·°C)) 

Decreases 0.135–0.145 0.115–0.125 Lower density + better pore 
uniformity 

Water absorption (% 

by mass) 

Slightly 

increases 

32–34 35–37 Increased open porosity 

 

The strength-dosage relationship is also visualized in Figure 3, which indicates that the 
maximum strength occurs at approximately 0.10-0.15% sodium sulfonate. 

 

 
Figure 3 – Dependence of aerated concrete strength on sodium sulfonate content 

 

3.2. Comparative performance of production compositions (GB1-GB4) 
For the set of production compositions labeled GB1-GB4, the measured average density 

ranged from 610 to 740 kg/m3, while compressive strength varied between 2.0 and 2.5 MPa (Table 

4). The highest structural quality coefficient (SQC) among these compositions was reported for GB3 

(0.034), indicating the best strength-to-density balance within this group. 

 
Table 5 – Comparison of properties of aerated concrete compositions (GB series) 

Sample Average density, kg/m3 Compressive strength, MPa SQC 

GB1* 610 2.0 0.020 
GB2 740 2.3 0.025 

GB3 700 2.5 0.034 

GB4 650 2.2 0.023 
* Reference sample 
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A focused comparison between the reference and the best-performing composition again 
shows higher strength and SQC in GB3 than GB1. 

 

3.3. Compressive strength of production samples 

When compressive strength was reported for GB1-GB4 with reference to [9], the values were 

in the range of 5.81-6.72 MPa, with the maximum strength recorded for GB3 (6.72 MPa) (Figure 4). 
 

 
Figure 4 – Results of compressive strength tests on aerated concrete samples (GB series) 

 

Overall, the abrasion results confirm a stable positive effect of sodium sulfonate on surface 

wear resistance across the modified compositions, with GB3 demonstrating the best performance in 
this set. 

 

3.4. Abrasion resistance 

Abrasion resistance results (mass-loss method) indicate that sodium sulfonate improves wear 

resistance by reducing the abrasion value from 0.84 g/cm² (GB1, grade G2) to as low as 0.71 g/cm² 
(GB3, grade G1) (Figure 5). 

 

 
Figure 4 – Results of testing aerated concrete samples for abrasion resistance (GB series)  

 

Overall, the abrasion results confirm a stable positive effect of sodium sulfonate on surface 

wear resistance across the modified compositions, with GB3 demonstrating the best performance in 
this set. Based on the data presented in Figure 4, we can conclude that the addition of sodium sulfonate 
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affects the abrasion resistance of aerated concrete samples. The control composition (GB1), which 
does not contain additives, showed abrasion resistance at the level of 0.84 g/cm2, which corresponds 

to grade G2 according to [10]. The addition of sodium sulfonate to compositions GB2-GB4 led to a 

noticeable decrease in abrasion resistance. Thus, sample GB2 showed a decrease in abrasion 

resistance to 0.76 g/cm2, which also corresponds to grade G2, but indicates a slight improvement 

compared to the control sample. The greatest reduction in abrasion was observed in sample GB3, 
where this indicator was 0.71 g/cm2, which allowed it to be classified as grade G1, i.e., a higher class 

in terms of abrasion resistance. A similar effect is observed in composition GB4 (0.75 g/cm2, grade 

G1), which confirms the stable positive effect of the additive on the wear resistance of the material. 

The results show that as the amount of sodium sulfonate increases, the abrasion resistance of aerated 

concrete decreases: from 0.84 g/cm2 in the control sample to 0.71 g/cm2 in composition GB3, which 
indicates an increase in the strength of the material. 

 
4. Conclusion 

 

This study evaluated sodium sulfonate as a structuring (surface-active) additive for non-

autoclaved aerated concrete, focusing on how dosage affects strength development and performance 
indicators relevant to practical block production. 

In the laboratory dosage series, the compressive strength increased with sodium sulfonate 

content up to an optimum range and then declined at higher dosages: the reference mixture (0.00%) 

reached 1.5-2.0 MPa at 28 days, while mixtures with 0.10-0.15% sodium sulfonate achieved 2.3-2.7 

MPa; at 0.20% and above, the strength trend decreased and the structure was reported to deteriorate 
at >0.25%. The broader property trends attributed to sodium sulfonate indicate improved mixture 

plasticity and pore uniformity, reduced bulk density and thermal conductivity, and a slight increase 

in water absorption, which together reflect the additive’s role in stabilizing the porous structure and 

enhancing thermal efficiency. 

In the production verification series (GB1-GB4, designed density D700), the best overall 
balance of density and strength was obtained for GB3, which demonstrated the highest structural 

quality coefficient (0.034) among the tested compositions. Strength testing of GB-series samples also 

indicated values of 5.81-6.72 MPa, with the maximum recorded for GB3 (6.72 MPa). Importantly, 

sodium sulfonate improved wear resistance: abrasion decreased from 0.84 g/cm2 (GB1, grade G2) to 
0.71 g/cm2 (GB3, grade G1), confirming a stable positive effect on surface durability for the modified 

compositions. 

Overall, sodium sulfonate is an effective additive for improving the performance of non-

autoclaved aerated concrete by enhancing strength (within an optimal dosage range) and reducing 

abrasion. Based on the dosage study, a sodium sulfonate content around 0.10-0.15% (by cement mass) 
can be recommended as a practical optimum to achieve the most favorable strength response while 

maintaining stable pore formation. 
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