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INTRODUCTION

Relevance of the topic. Improving the efficiency and quality of concrete and reinforced concrete is an actual issue and cannot be entirely successfully solved without the use of chemical admixtures in concrete technology. Currently, complex admixtures with a specific effect on the structure and properties of concrete are popular. In Kazakhstan, concrete with high strength and durability is not in demand enough. Still, the development of a market economy is beginning to change the current trend to the diametrically opposite side. The main emphasis in the development of concrete technology is not on saving any material, such as cement. Still, the production of high-quality competitive concretes includes concretes with high durability. To find a mortar, much attention is paid to the development of complex admixtures that allow to control of several properties of cement-based concretes simultaneously purposefully.
Recently, complex admixtures based on plasticizers and air-entraining admixtures have been widely used. These complex admixtures allow for the production of high-strength, high-quality concretes with a low water-to-cement ratio and capillary porosity.
The wide range of complex admixtures contributes to the improvement of the rheological and technological properties of concrete in different ways, but, as mentioned in several modern research, there is no complete understanding of their action mechanisms and exact rheological models. 
The targeted formation of the structure of the cement stone, which is characterized by a low proportion of capillary pores and an increased content of hydrate neoplasms, makes obtaining high-strength and high-quality cement concrete possible. Modifying cement concrete with complex admixtures is the most accessible and simple way to significantly increase its efficiency, and it can be successfully used for these purposes.
In this regard, the production of complex admixtures based on plasticizers and air-entraining admixtures and the study of the features of their influence on the structure formation of cement compositions is an urgent and promising direction in the development of effective technologies for modified concrete, which are characterized by high performance and durability.
The formation of a given structure and properties of cement stone, the production of durable and high-strength heavy concrete modified with complex admixtures based on plasticizers and air-entraining admixtures is possible when analyzing the effect of each component of the admixture and the features of their interaction on the structure formation of cement compositions.
The goal and objectives of the work
The main goal of the work is to develop a composition of ordinary concrete with complex chemical admixtures to achieve effective performance characteristics of concrete and the required properties.
In order to achieve the aim of the thesis, the following tasks are formulated:
1. To develop a composition of heavy concrete with a complex admixture based on plasticizer and air-entraining agent, conduct pilot tests of the research results, and optimize the concrete mixture composition;
2. Substantiate the effect of the complex admixture on the technological properties of the concrete mixture;
3. Investigate the physico-chemical processes occurring during the hydration and hardening of cement mixtures with the complex admixture;
4. Determine the effect of the admixture on the physical and mechanical properties and strength gain kinetics of heavy concrete;
5. Justify the possibility of producing modified heavy concrete with the admixture that enhances cement hydration by water accumulation and reduces capillary porosity;
6. Establish the combined effect of plasticizers and air-entrainers on the durability and porosity of cement-based compositions.
7. The study of the rheological properties of modified cement-sand mixtures, with the aim of understanding the impact of air entrapment on the flow behavior of these materials.
Research object 
The object of research is concrete mixtures and cement mortars, which are high-strength concrete.
The subject of the study
The subject of the study is the composition and properties of monolithic concrete using various chemical admixtures that affect its physico-mechanical, operational, and rheological characteristics, such as compressive strength, durability, porosity, workability, water separation, and thixotropy.
Research novelty:
It has been established that the use of a complex admixture can improve the rheological properties of concrete mixtures during the process of liquefaction and thickening, depending on the plasticizing and air-entraining admixtures used. The conclusions were drawn based on the analysis of the results obtained.
New technical mortars containing complex chemical admixtures were substantiated, and formulas using these admixtures were developed to increase the durability of heavy concrete.
Using these admixtures improves the mechanical properties and porosity of concrete mixtures, making them more resistant to frost cycles. This allows for optimizing the composition of the concrete mix and predicting its durability under conditions of repeated cycles in high humidity.
Research methodology 
The methodological basis of the research is theoretical and empirical methods based on generalization, comparison, experiment, methods of a systematic approach. 
Literature Review: Analyze existing studies and patents on chemical admixtures in concrete to identify trends and research gaps.
Rheological and technological testing: Measure workability, water absorption, yield stress, plastic viscosity, and shear thinning/thickening index of fresh concrete to assess the impact of admixtures. The rheological test was provided by the rotational rheometer with coaxial cylinders at different times after cement paste mixing using a specially selected shear rate mode during the time. The experimental rheological data were processed according to the Herschel-Bulkley model.
Mechanical and Durability Testing: Test compressive strength, freezing-thawing resistance, porosity, and resilience of hardened concrete samples.
Statistical Analysis: Analyze data to establish correlations between admixture properties and concrete performance.
Optimization: Develop an optimized mix design and recommendations for practical construction applications.
Practical value of the research findings 
The work results are applicable in the design and construction of concrete and reinforced concrete monolithic structures.
Moreover, the complex admixtures with complex chemical admixtures can provide the production of concrete mixtures without water bleeding for different technical applications, such as concrete with high workability and concrete mixtures for 3D printing technology.
Approbation of the work
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1 REVIEW OF THE CURRENT STATE OF RESEARCH IN THE FIELD OF CONCRETE MATERIALS AND THE NEED TO DEVELOP NEW FORMULATIONS WITH CHEMICAL ADMIXTURES

1.1 Monolithic concrete: properties, composition, application

Monolithic concrete is a commonly used material in modern construction. It is characterized by its high strength and durability, as well as its versatility in terms of architectural design possibilities. Due to these characteristics, monolithic concrete has been widely applied in the construction of various types of buildings, including residential, industrial, and infrastructure projects.
Monolithic concrete allows for the creation of complex structures without the need for additional prefabricated components. This reduces the number of joints and seams in the structure, leading to improved operational qualities. The material's unique properties, achieved through a carefully selected composition and specific pouring techniques, contribute to the creation of strong and long-lasting monolithic structures.
Monolithic concrete has emerged as a leading technology in Kazakhstan’s construction sector, particularly given rapid urbanization and the demand for modern buildings and infrastructure. Due to its durability and performance attributes, monolithic concrete is employed in the construction of tall buildings and the development of industrial, transportation, and hydraulic facilities.
The recent experience with monolithic housing construction has demonstrated the technical and economic benefits of this method compared to traditional brick, large block, and even large panel construction (Figure 1.1) [1].

[image: ]

Figure 1.1 - Methods of construction of buildings and structures made of concrete

The main components of monolithic concrete include cement, water, sand, coarse aggregate, and various chemical admixtures that allow its properties to be modified. Depending on the structure's design requirements, concrete characteristics such as strength, mobility, water resistance, frost resistance, and wear resistance can be adjusted. Due to this, monolithic concrete can be used in conditions with high operational requirements, from the construction of high-rise buildings and bridges to the construction of hydraulic structures and underground structures [2].
The use of monolithic concrete allows for a significant reduction in construction time, transportation costs, and installation expenses, as the concrete mixture can be poured directly at the construction site. This construction method improves the quality of the final structure, reduces the risk of deformations, and allows for the creation of buildings and structures with complex geometries [2, 3].
Modern construction technologies, including the use of automated formwork systems and highly efficient concrete mixtures, contribute to even greater accuracy and reliability in monolithic concrete structures [4].
The introduction of monolithic reinforced concrete construction makes it more convenient and cost-effective than prefabricated housing, as it allows for the creation of diverse and expressive buildings and structures in cities and villages. This type of construction also provides a flexible internal planning system and eliminates restrictions on the number of floors in a future home, which is significant in cottage construction [5].
Monolithic construction involves the complete building fabrication from solid concrete, while prefabricated monolithic construction creates a rigid frame with various enclosing structures and floor elements (see Figure 1.2). The technology involves pouring concrete structures directly at the construction site to form solid, continuous walls, ceilings, and other elements. This process begins with the installation of formwork, which defines the shape of the final structure. A concrete mixture is then poured into the prepared formwork and compacted to ensure no voids. The concrete is allowed to harden before the formwork is removed. After the concrete has gained sufficient strength, the structure is ready for subsequent construction stages [6].
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Figure 1.2 - Stage of monolithic construction

A key advantage of monolithic technology is the ability to significantly reduce construction time for buildings (walls, ceilings, columns, stairs, etc.) on-site, regardless of the number of storeys or shape, depending on the complexity and size of the cottage.
The building’s monolithic structure ensures uniform and minimal shrinkage, preventing the formation of cracks in the elements. This allows for the immediate commencement of external and internal finishing work after construction. Additionally, high-quality work eliminates the need for surface finishing (screeding and plastering walls and ceilings), significantly reducing the cost of finishing materials.
Such houses are virtually crack-free, significantly increasing their strength and longevity. This substantially improves the overall comfort of the “human-material-environment” system, creating conditions for creativity, efficiency, and other benefits.
The authors [7, 8] quote several factors that make monolithic construction an environmentally friendly option. First, this type of construction allows for optimal use of materials, minimizes waste, and reduces the carbon footprint by minimizing the need to transport finished elements.
Secondly, the durability of monolithic structures leads to a reduction in the frequency of repairs, thereby reducing resource consumption. Additionally, the use of eco-friendly admixtures and recycled materials in concrete mixtures significantly reduces CO₂ emissions associated with cement production [9, 10].
Furthermore, monolithic concrete’s high thermal mass contributes to improved energy efficiency in buildings, reducing heating and cooling requirements.
An analysis of the current type of construction has revealed the benefits of monolithic and low-rise buildings.
Monolithic construction offers several advantages, as demonstrated by comparing the initial costs of constructing a foundation for different types of buildings: They are 30–35 percent lower than for brick construction and 45–50 percent lower than for large-panel construction. Energy costs are also 20–30 percent lower compared to brick and large-panel buildings. Steel consumption is also 10–20 percent lower. These benefits of monolithic construction are particularly significant in areas where no ready-made concrete foundation is available [11].

1.2 Modern chemical admixtures: types and their functions

The development of the construction industry over the past decade has been driven by an increasing emphasis on the rational and efficient use of raw materials and energy. This has affected, in principle, all branches of the building materials industry and, most significantly, the production of prefabricated and monolithic concrete structures.
A practical mortar to the issue of efficient use of raw materials and energy in the production of dry and pre-mixed mortar and concrete, as well as concrete and reinforced concrete structures, both precast and monolithic, can only be achieved through the widespread and comprehensive use of chemical admixtures. Experts predict that the proportion of concrete with admixtures will increase to 50 percent or more in our country in the coming years. The focus is likely to shift towards the production and utilization of plasticizers, complex admixtures, superplasticizers, and antifreeze agents [12].
The purpose and essential characteristics of chemical admixtures to concrete and their classification are discussed below.
General characteristics of chemical admixtures
Admixtures for concrete and mortars, in accordance with GOST 24211-2008, refer to various products introduced into concrete and mortar mixtures to improve their technological properties, increase their construction and technical properties, or give them new properties.
Admixtures are chemicals (reagents), organic and inorganic structures, and complex or straightforward compositions. They are introduced into the composition of concrete, as a rule, with mixing water and can have a liquid, solid, or gaseous state. In some cases, chemical products are used as admixtures for concrete with a constant normalized by the relevant regulatory documents (standards) for specific production conditions, the purpose of the products, and the goals set; it is necessary to have a clear understanding of the classification of admixtures according to their purpose and the mechanism of their action.
The purpose of admixtures is very diverse. Their quantity has been found to be applicable to the production of mortar, concrete, and reinforced concrete structures. They consist of more than 300 items (Figure 1.3). There are about 1000 names of admixtures in the research and industrial testing stage. Such a wide range of chemical admixtures for mortar and concrete is due, in most cases, to the desire to use them to improve the properties of concrete, reduce cement consumption, or reduce energy costs in the production of reinforced concrete, various waste and by-products of many industries. On the other hand, the need to search for new admixtures is due to the selective nature of their modifying effect, which depends not only on the chemical composition of admixtures but also on the chemical and mineralogical composition of cement, the fineness of its grinding, the presence and number of alkalis in the cement composition.
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Figure 1.3 - Chemical admixtures for concrete with different applications

The magnitude of the modifying effect of many admixtures also depends on the specific cement consumption in the concrete mixture, the content and type of mineral admixtures, the water-cement ratio, and the modes of heat treatment of reinforced concrete structures. 
Thus, choosing admixtures to improve concrete properties and the technology of manufacturing reinforced concrete structures is not easy. Therefore, to choose admixtures correctly in relation to specific production conditions, the purpose of the products, and the goals set, it is necessary to have a clear understanding of how admixtures are classified according to their purpose and the mechanism of their action [13].
Classification of chemical admixtures.
The problem of using admixtures to modify concrete is multifaceted. Currently, there is no unified classification of admixtures to cement and concretes in world practice. Different countries have developed their classification schemes. These schemes are based on the authors' desire to facilitate the correct choice of admixtures for concrete or mortars following their purpose.
In our country, following GOST 24211-2008, the most studied and widely used admixtures used to modify the properties of concretes and mortars, depending on the main effect of action, are divided into three groups [14]:
The first group is admixtures, which regulate the properties of ready-to-use concrete and mortar mixtures. These include plasticizing—water-reducing (superplasticizer, highly plasticizing, plasticizing)—stabilizing, regulating the preservation of mobility, and polarizing (air-entraining, foaming, gas-forming).
The second group combines admixtures that change the properties of concretes and mortars: regulating the kinetics of hardening (accelerators, retarders), increasing strength, reducing permeability, increasing protective properties in relation to steel reinforcement, increasing frost resistance, increasing corrosion resistance (increasing sulfate resistance, increasing resistance against corrosion caused by the reaction of silica aggergates with cement alkalis and admixtures), and regulating the processes of shrinkage and expansion.
The third group includes admixtures that give concretes and mortars special properties: antifreeze, hydrophobic, biocidal, and increased resistance to salinity.
The effectiveness criteria (Table 1) determine the affiliation of any chemical admixture, including a new one, to a particular group according to the methods of GOST 30459.
The criterion of effectiveness is the quantitative value of the technical effect characteristic of each group of admixtures. For example, the first group of plasticizing admixtures includes such admixtures that provide an increase in the mobility of the concrete mixture from P1 (SC = 2-4 cm) to P5 (SC = 21 cm) without reducing the strength of concrete during all test periods. If the admixture provides an increase in mobility from P1 to P4 (SC = 16-20 cm) without reducing the strength of concrete, then it can be attributed to the second group of plasticizing admixtures. Finally, if the admixture provides an increase in mobility from P1 to P3 without reducing the strength of concrete, then it should be attributed to the third group of plasticizing admixtures.
Specific performance criteria have been established for other groups of admixtures, which are given in Table 1. As can be seen from the data in Table 1, chemical admixtures are one effective method of directed action on the structure and technical properties of concrete mixtures and hardened concretes.
By introducing chemical admixtures into the concrete mixture in the form of individual products or combinations thereof, one or several efficiency indicators are achieved simultaneously:
a) reducing cement consumption by up to 12 percent or increasing the strength of concrete at the design age by up to 25 percent;
b) improvement of the technological properties of the concrete mixture (workability, uniformity, non-delamination, etc.);
c) adjustability of the loss of mobility of the concrete mixture over time, the speed of setting, hardening, and heat release processes;
d) reduction of the duration of heat and moisture treatment of products by up to 40 percent, acceleration of the time of stripping and loading of monolithic structures;
e) giving the laid concrete the ability to harden in winter without heating or warming up when it is cooled to minus 25 Celsius;
f) increasing the frost resistance of concrete by 2-3 times or more;
g) increasing the density and impermeability of concrete by 1-2 grades;
h) increasing the durability of concrete and reinforced concrete in various aggressive environments.
The use of admixtures in concrete must be preceded by testing the properties of concrete mixtures and concretes with them in accordance with the requirements of current standards, regulatory and technical or design and technological documentation. In turn, concretes with admixtures, concrete mixtures, materials used for them, and manufacturing technology of products and structures must meet the requirements of state standards, building codes, and other regulatory documents for specific types of products and structures, considering their purpose. The expediency of using admixtures in concrete is determined by achieving various technological and economic effects during the operation of products and structures. In terms of quality, admixtures must meet the requirements of the relevant regulatory and technical documentation for a specific product, and in terms of effectiveness, the effectiveness criterion according to the requirements of GOST 24211.
The effectiveness of admixtures is determined by comparing the quality indicators of concrete mixtures, control concretes, and basic compositions. The only exceptions are stabilizing, water-retaining admixtures and admixtures that increase the protective properties of concrete in relation to steel reinforcement. The effectiveness of these admixtures is determined only for concretes of the main composition.
The optimal dosage of an admixture is the minimum amount of an admixture. When introduced into the concrete composition, the maximum effect of action is achieved according to the effectiveness criteria in accordance with GOST 24211.
The indicator of the effectiveness of the admixture according to GOST 24211 is evaluated according to the following stages:
- first, the concrete of the control composition is selected;
- then determine the optimal dosage of the admixture in the main formulations;
- next, the indicators of the concrete mixture and the concrete of the control and elemental compositions are compared.
The effectiveness of admixtures received by the enterprise is evaluated in the following sequence:
a) the assessment of compliance of admixtures with the effectiveness criterion according to GOST 24211 is given;
b) the effectiveness of admixtures is evaluated in relation to specific production conditions.
The effectiveness of admixtures should be evaluated under the following conditions [15]:
- the concrete of the control composition must meet the following requirements.
1. When determining the effectiveness of all admixtures, except for air-entraining ones, the cement consumption in heavy concrete should be 350 kg/m3.
2. To determine the effectiveness of air-entraining admixtures, cement consumption should be 280 kg/m3. Two fractions of crushed stone (5-10 and 10-20 mm) should be used; the ratio of fractions should be selected based on the conditions of minimum voidness. The proportion of fine aggregate when tested in light concretes of air–entraining admixtures is the following concrete composition: cement – 250 kg/m3, porous aggregate – 1100 l/m3 (30 percent by volume of 5-10 mm fraction and 70 percent of 10-20 mm fraction); sand according to GOST 8736–250 kg/m3.
3. When testing foaming admixtures in light concretes, the following concrete composition is taken: cement – 300 kg/m3, porous aggregate – 1100 l/m3 (30 percent by volume of the 5-10 mm fraction and 70 percent of the 10-20 mm fraction).
4. When testing gas–forming admixtures in light concretes, the following concrete composition is taken: cement – 300 kg/m3, large porous aggregate
– 800 l/m3 (30 percent by volume of 5-10 mm fraction and 70 percent by 10-20 mm fraction); porous sand of group 1 according to GOST 9757 – 300 l/m3;
The optimal dosage of the supplement is selected as follows.
Admixtures are introduced into concrete mixtures in an amount equal to the boundary values specified in the regulatory documentation for the admixture, with 2-4 intermediate dosages of the admixture, differing from each other by 20-30 percent. A graphical relationship is constructed linking the quality indicators of concrete mixtures and/or concretes, which are the criteria for the effectiveness of GOST 24211, with the dosage of the admixture. In this case, the work is carried out at ambient temperature and materials (20 ± 5) Celsius, except for work with antifreeze admixtures; thermal treatment of concrete is carried out in a steaming chamber according to the regime 3+3+6+2 h at an isothermal heating temperature of 80 Celsius for Portland cement and 90 Celsius for slag Portland cement.
The effectiveness of admixtures according to the efficiency criterion is evaluated in the laboratory of the enterprise and production, subject to the following conditions:
a) concrete of the control and basic compositions used in production is made;
b) in laboratory and production conditions, specify the selected optimal dosage of the admixture, taking into account the purpose of its use;
c) the work is carried out at ambient temperature and materials corresponding to the production conditions;
d) the thermal treatment of concrete is carried out according to the modes adopted in production:
- in laboratory conditions – in a laboratory steaming chamber;
- in production conditions – together with the corresponding products and structures.
The study of the effectiveness of the admixture should begin with determining the main positive effect for which the admixture is intended (according to GOST 24211), and experimentally clarifying the optimal amount of the admixture. Along with the main positive effect, it is necessary to determine the presence of possible secondary positive effects that are a consequence of the main effect, as well as side (positive or negative) effects that occur simultaneously with the main one. When investigating the effectiveness of newly developed admixtures, it is imperative to study the effect of the selected optimal dosage of the admixture on the following material quality indicators: workability (according to GOST 10181.1), water and mortar separation (according to GOST 10181.4) concrete mix; for compressive strength (according to GOST 10180), salinity, protective properties of concrete in relation to steel reinforcement. The control composition is taken as the base of comparison. Refusal to study any of these indicators
The quality must be justified. For admixtures that cause reinforcement corrosion, the scope of their application in reinforced concrete should be limited.
Due to the large differences in chemical admixtures’ material composition and specific properties, their effect on concrete mixtures and concretes can differ significantly and sometimes be selective. This motley picture is significantly complemented by large differences in the composition of the used binders and other concrete mixtures and the resulting individual characteristics of the effect of individual admixtures on the properties of concrete mixtures and concretes.






Table 1.1 - Classification of chemical admixtures for concrete and mortar

	Types of admixtures
	Indicators	of the main	effect
of admixtures
	Effectiveness criterion
	Possible	additional
effects of admixtures

	I. Admixtures regulating the properties of ready- to- use concrete and mortar mixtures

	1.1 Plasticizing –
water reducing
	Reducing Increase in the mobility of the concrete mixture from P1 (SC= 2+4 cm) or the mortar mixture from Pk1 (Pk=2-4 cm) with a decrease in the strength of the concrete (mortar) during all сроки hardening periods of no more than by less than на 5 percent
	
	During plasticization
	During water reduction

	1.1.1 Superplasticizing
	
	From P1 to P5 From  Pk1 to Pk4
	Slowing down the setting of mixtures and hardening of concretes and mortars; increasing shrinkage and creep deformations
	Increased strength,
reduced permeability;
reduction
of shrinkage and creep deformations
of concrete

	1.1.2.Highly plasticizing
	
	From P1 to D4 From Pk1 to Pk3
	
	

	1.1.3.Plasticizing
	
	From P1 to P3 From Pk1 to P2
	
	

	1.2. Stabilizing
	the decrease in mortar separation and water separation of heavy concrete смеем slurry with a mark on workability of P5, mortar mix-P4, light concrete mix-P3
	By 2 times and more
	Increase in the mobility of mixtures; slowing down the increase in concrete strength

	1.3. Regulating retention
	Increase or decrease in the retention time of the mobility of the mixture
	By	1.5	times	or more
	Change in the kinetics of heat release and the kinetics of the increase in the stability of the mixture. concrete surface; formation of efflorescences



It can be seen that generalizing data on the effects of various admixtures on concrete and predicting the nature and degree of influence of their individual varieties on certain properties of concrete mixtures and concretes is very difficult. Therefore, answering questions about the effectiveness and optimal content of admixtures in specific conditions is usually carried out empirically.
Definitions of individual classification groups of admixtures [16].
Plasticizing admixtures are substances with surface–active properties that increase the mobility or workability of concrete mixtures. The use of the plasticizing effect of admixtures in the technology of reinforced concrete structures can significantly facilitate the formation of products or, while maintaining the constant mobility of the mixture, reduce its water content, thereby reducing porosity and increasing density, strength, and some other characteristics of concrete.
Stabilizing admixtures are substances that promote and reduce the delamination of the concrete mixture.
Water-retaining admixtures are substances that promote reduce the water separation of the concrete mixture.
Air-entraining admixtures are surfactants that contribute to the involvement of finely dispersed air evenly distributed in concrete into the concrete mixture when it is mixed.
Foaming admixtures are surfactants that provide the possibility of obtaining technical foam of the required multiplicity and durability, which, when mixed with the components of the concrete mixture, make it possible to obtain concretes of cellular or porous structure.
Porizing admixtures are substances that contribute to the purposeful formation of air or other gaseous pores in the concrete body.
 Admixtures regulating concrete hardening (accelerators and retarders of hardening) are substances that change the kinetics of concrete strength gain in a given direction. The introduction of hardening accelerators makes it possible to obtain concrete of the required strength in a shorter time and sometimes with a higher final strength.
Admixtures that increase concrete density, water and frost resistance, and, in certain cases, chemical resistance in various aggressive environments are substances that reduce the water content of concrete mixtures, promote air removal, and promote pore formation (water-reducing and culminating admixtures).
Admixtures that enhance the protective properties of rebar (inhibitors and passivation of rebar corrosion) are substances that provide high corrosion resistance in aggressive environments.
Admixtures that regulate the setting time are substances that accelerate or slow down the processes of structure formation of a concrete mixture.
Antifreeze admixtures are substances that lower water's freezing point and contribute to the hardening of concrete at negative temperatures.
Hydrophobic admixtures are substances that give hydrophobic (water–repellent) properties to the walls of pores and capillaries in concrete.
Admixtures of all these types are generally introduced into concrete mixtures during their preparation with mixing water (in the form of mortars, suspensions, or emulsions). Some admixtures (having high viscosity) are pre-mixed with one of the dry components and introduced into concrete mixers with it.
The effect of chemical admixtures on concrete mixtures and hardened concretes must be considered in light of modern ideas about the processes of cement hydration, the formation of the structure and hardening of cement stone, and the adhesion of cement stone with aggregates and reinforcement [17].


1.3 The effect of complex chemical admixtures on the technological properties of concrete mixtures

One of the most important characteristics of a concrete mix is its mobility or workability, which directly affects the technological process of laying concrete, its distribution in shapes and the quality of the resulting surface. Plasticizers and complex chemical admixtures significantly improve this characteristic.
Complex chemical admixtures (CCA) are multifunctional mixtures designed to improve several properties of concrete simultaneously. Unlike single chemical admixtures, CCAs combine components that provide plasticizing effects, slow or accelerate the setting time, and increase water retention.
These admixtures are used primarily to optimize the concrete-laying process and improve its mechanical properties. CCA can reduce cracking, increase strength, and enhance durability. They are often used in construction projects requiring high-quality concrete, such as bridges, buildings, and roads [18].
The plasticity and workability of a concrete mixture are key properties that determine its ability to fill formwork and avoid the formation of voids and cracks. These characteristics are particularly important for construction projects that require complex shapes and high levels of uniformity in the material.
Chemical admixtures such as superplasticizers, nanoscale admixtures, and viscosity modifiers have a significant impact on these properties, enhancing fluidity and making the laying process easier. Superplasticizers are one of the most commonly used admixtures to increase the fluidity of concrete mixtures. In a study by Roberts and Anderson [19], it was shown that superplasticizing admixtures can significantly reduce the water-cement ratio without compromising workability. This is achieved by electrostatic repulsion of cement particles, which prevents their aggregation and improves distribution in the mixture.
Azari Jafari and his colleagues [20] investigated the effect of chemical admixtures on the workability retention of zeolite-based cement mortars. Their findings revealed that the use of superplasticizers extends the working time of the mixture without compromising its fluidity, which is crucial for applications at high temperatures or with extended transportation times.
In the study by Tuskayeva and Kareev [21], various admixtures were considered, such as those that reduce water content and entrap air, which have different effects on the workability of concrete. Air-entraining admixtures contribute to the formation of microscopic bubbles, which improves workability and reduces the risk of segregation. However, an excessive amount of these admixtures can lead to a deterioration in the mechanical properties of concrete.
Li and his colleagues [22] studied the improvement of workability and early strength of concrete made with calcium-sulfoaluminate cement, with the addition of various chemical modifiers. They found that the use of superplasticizers and viscosity modifiers assists in maintaining the stability of the concrete mix even at low temperatures. This improves its fluidity and prevent delamination. In his work, Scanlon [5] pointed out several key factors affecting the workability of concrete mixtures: the size of cement particles, the shape of aggregates and the water content. The use of chemical admixtures makes it possible to optimize these parameters by reducing friction between particles and improving their distribution. This is especially important when creating highly efficient concrete mixes that require a minimum water-cement ratio. In recent years, admixtures based on nanomaterials, such as nanoscale silica, have become increasingly popular. A study by Compass and Geyer [23] found that the use of nanosilica in combination with superplasticizers significantly improves the plasticity and mechanical strength of the mixture. Nanosilica assists in dispersing cement particles, improving fluidity and reducing the need for water. Liu and co-authors [24] conducted a study in which they studied the effect of a nanoscale silica admixture on the workability and durability of concrete. Their results confirmed that the addition of nanosilicon improves the particle distribution in the mixture and reduces its viscosity, which allows for higher fluidity without reducing strength characteristics.
A study conducted by Wang and co-authors [25] examined the compatibility of complex admixtures with cement in the formation of concrete mixtures for sliding formwork. During the experiments, it was found that the use of complex plasticizing admixtures can significantly increase the fluidity of the concrete mixture, reducing its viscosity and improving the distribution of cement particles. This is especially important when using sliding formwork technology, where concrete must have high fluidity to ensure a continuous laying process. In the study presented by You [26], the effect of polycarboxylate admixtures, including sediment retention components, on the workability of fresh concrete was studied. The author notes that such admixtures include several components: strength gain accelerators, setting retarders and sediment retention modifiers. Polycarboxylate admixtures have shown high efficiency in improving the workability of the concrete mix without significantly changing its water-cement ratio.
The water-holding capacity of a concrete mix is an important factor that determines the quality and strength of the finished product. It influences the cement hydration process, which in turn affects the strength characteristics of the concrete.
A study by researchers [27] proposed a method for determining the water retention capacity of porous fine aggregates for the design and quality control of fresh concrete. The authors noted that the use of porous aggregates improves the water retention capacity of the mixture, which has a positive effect on the hardening process and reduces the likelihood of cracks during shrinkage. They also revealed that the quality of aggregates and their ability to retain water depends on the porosity of the material and its absorbency.
Izaguirre et al. [28] conducted a study on the effect of water-repellent admixtures on the performance of lime-cement mortar. Their findings indicated that these admixtures reduce water absorption, which can be beneficial in applications where high water resistance is required. However, they also noted that excessive use of these admixtures can decrease the adhesion between aggregates and the cement matrix, reducing the strength of the concrete.
The porosity of concrete is a crucial factor that affects its durability and strength. It depends on the rheological properties of the concrete mixture and the characteristics of its aggregates. Lazniewska-Pekarczyk’s [29] study examined the impact of modifying admixtures on porosity, compressive strength, and water permeability in self-compacting concrete. She found that using viscosity-altering admixtures significantly reduces the porosity of the mix, leading to increased strength and decreased water permeability, particularly in high humidity or underwater environments.
The setting time of concrete is an important parameter that affects the rate of initial and final hardening of the material. Several factors, such as temperature, humidity, and the use of admixtures, can influence this factor.
Brooks and colleagues [30] conducted a study on the effect of different chemical admixtures on the setting time of high-strength concrete. Their findings indicated that the use of retarders can substantially extend the initial setting time, which can be advantageous when transporting the mix over long distances or under high-temperature conditions.
Aggoun and colleagues [31] investigated the effect of various admixtures on the initial setting time and strength properties of cement pastes. They found that accelerator admixtures can reduce the initial setting time, which may be beneficial when rapid strength development is needed, such as in road surface repairs. 
A study conducted at the Eurasian National University in 2023 [32] demonstrated the effect of a complex modified admixture on the setting time of cement mixtures. The study found that adding these complex admixtures optimizes the setting time while improving other properties of the mixture, such as strength and water resistance.


1.4 The effect of chemical admixtures on the operational properties of concrete mixtures

The strength of concrete is a crucial factor in determining its suitability for use in construction projects. It reflects the material's ability to withstand various types of stress without breaking. The importance of concrete's strength cannot be overstated, as it directly affects the durability and safety of buildings and other structures.
Mineral admixtures such as fly ash, silica, and granulated blast furnace slag are actively used to enhance the strength of concrete. These admixtures have both physical and chemical effects, which contribute to the formation of additional calcium hydrates that fill the pores in the concrete and reduce its permeability.
A study by H. Yazıcı [33] found that the hardening conditions have a significant impact on the strength of ultra-strong concrete containing high levels of mineral admixtures. The author noted that using silica and slag resulted in increased strength at elevated hardening temperatures due to the acceleration of hydration processes.
Another study conducted by D. Nagrockienė and colleagues [34] Properties of concrete modified with mineral admixtures investigated the properties of concrete modified with various mineral admixtures. The study found that the addition of fly ash and silica increased the strength of the concrete, especially in the early stages of hardening. This was due to the improvement of the microstructure of the cement stone caused by these admixtures. M. Cyr and his co-authors [35] also investigated the effectiveness of mineral admixtures in concrete and found that fine admixtures had a significant effect on the strength, improving both the physical and chemical properties of the cement stone. 
Superplasticizers are chemical admixtures that enhance the workability of concrete without increasing the water-cement ratio. They allow for the reduction of water content and increase the strength of concrete, in a study by T.U. Mohammed et al. [36] investigated the effect of these admixtures on the properties of fresh and hardened concrete. It was found that superplasticizers maintain high fluidity, which promotes uniform distribution of cement and improves the strength of finished concrete.
Another study by A.H. Memon et al. [37] examined the impact of mineral and chemical admixtures on seawater-exposed concrete. The results indicated that adding superplasticizers and microsilica significantly enhances the strength of concrete and protects it from erosion in marine environments. K. Sobolev [38] studied the effect of complex admixtures on cement properties and developed a methodology for evaluating high-strength cement. The author noted that the use of superplasticizers in combination with mineral admixtures makes it possible to achieve a significant increase in strength by reducing water consumption and improving the microstructure of concrete.
The hardening conditions play an essential role in shaping the strength characteristics of concrete, especially when using chemical admixtures. Setting accelerators allows you to reduce the time of strength gain, which is especially important at low temperatures or in conditions of rapid construction. A study by G. G. Agbi and colleagues [39] evaluated the effect of chemical admixtures on the strength properties of concrete. The authors showed that the use of setting accelerators makes it possible to increase the strength of concrete in the early stages of hardening, which is associated with an acceleration of cement hydration reactions. Study A. One and S. Akyuz [40] was devoted to the optimal use of blast furnace slag (GGBS) to increase the strength of concrete. The authors concluded that adding up to 60 percent slag to the mixture can significantly increase the strength of concrete by improving hydration and reducing porosity.
Freezing-thawing and water resistance are crucial performance characteristics of concrete, particularly in harsh climates with frequent freeze-thaw cycles. Inadequate frost resistance can destroy concrete structures, while high water permeability allows aggressive substances to penetrate, accelerating corrosion. Chemical admixtures are essential for enhancing these qualities, ensuring the longevity and reliability of concrete constructions. This study examines research on the impact of various admixtures on frost resistance and water resistance in concrete.
Freezing-thawing resistance in concrete refers to its ability to endure multiple freeze-thaw cycles without substantial damage. The primary chemical admixtures used to improve frost resistance are those that entrap air and act as antifreeze agents.
Air-entraining admixtures create micropores in concrete, which are distributed evenly throughout the cement matrix. These micropores act as buffers, absorbing pressure from freezing water and preventing concrete from cracking.
The study of L.E. Tunstall et al. [41] describes the mechanisms of air entrainment in detail. They note that admixtures stabilize air bubbles and reduce their size, improving concrete's resistance to freeze-thaw damage. They also emphasize the importance of interactions between admixtures and other concrete ingredients, such as superplasticizers and minerals. A study by P. K. Kolay and colleagues [42] showed that the use of air-entraining admixtures in concrete with natural and recycled aggregate increases its frost resistance, providing better resistance to multiple freeze-thaw cycles. The authors note that air-entraining admixtures improve concrete structure by reducing the number of macropores and creating a system of micropores that act as buffers during freezing.
The study by B. Łazniewska-Piekarczyk [43] and A. Nowak-Michta  [44] investigated the effect of different types of air-entraining admixtures on the porosity and freeze-thaw resistance of self-compacting concrete. The results showed that a combination of air-entraining and viscosity-reducing admixtures improved the pore structure and increased freeze-thaw durability. However, it slightly reduced the strength of the concrete.
Furthermore, the combined use of air-entraining agents and other admixtures, such as superplasticizers and surface treatment agents, can further enhance the freeze-thaw resistance of concrete, particularly under extreme conditions. M. Li and colleagues [45] investigated the effect of combining air-entraining superplasticizers with surface treatments on the frost resistance of airport concrete coatings. Their results showed that this combination significantly increased the concrete's resistance to freezing in the presence of salt, preventing surface damage and reducing strength loss. The authors emphasized the importance of carefully selecting and dosing admixtures to ensure optimal frost resistance. Y. Xu and colleagues  [46] explored the impact of a superabsorbent polymer (SAP) combined with air-trapping admixtures on the frost resistance of cement mortar. They discovered that the combined usage of SAP and air-entraining agents enhances the distribution of air voids and increases the resistance of the mixture to freezing and thawing processes. This combination minimizes the risk of cracking and improves the longevity of the material.
A study by Y. Song et al. [47] investigated the impact of chemical admixtures on the frost resistance of concrete containing recycled coarse aggregate. The findings revealed that the incorporation of air-entraining agents substantially enhances the frost resistance of the concrete by forming a network of tiny pores that effectively mitigates pressure during water freezing. 
Antifreeze admixtures are formulated to lower the freezing point of water in the concrete mixture. This allows the concrete to retain its plasticity at lower temperatures and prevents damage during the initial stages of hardening. A study by R. Polat [48] showed that antifreezes improve the fresh properties of concrete, reducing its tendency to crack when exposed to freezing and thawing. The author noted that the use of such admixtures increases the durability of concrete structures, especially in cold regions. 
Concrete’s water resistance is its ability to resist the penetration of water and aggressive substances. This is important to prevent the corrosion of reinforcement and the degradation of concrete stone. Chemical admixtures such as silica and fly ash are actively used to improve concrete’s water resistance.
Silica and fly ash are effective mineral admixtures that reduce porosity and increase the density of cement stone, thereby improving its water resistance.
D. Wang and colleagues [49] studied the effect of fly ash and silica on the durability of concrete exposed to the combined effects of freeze-thaw cycles and sulfate attack. The results showed that the addition of fly ash and silica significantly increases the water resistance of concrete, reducing permeability and preventing the penetration of aggressive ions. M. Ondova and colleagues [50] also investigated the properties of concrete modified with various chemical admixtures and noted an improvement in water resistance when using fly ash and micro-silica. The admixtures reduced the volume of capillary pores, which assisted reducing the permeability of concrete and increase its resistance to water.
Hardening conditions play an important role in shaping concrete’s strength characteristics and water resistance. The correct hardening regime contributes to a more complete hydration process and decreased porosity.
A study by S. Song and colleagues [47] analyzed the effect of drying conditions on the durability of concrete exposed to the combined effects of chemical attack and freeze-thaw cycles. It has been found that the use of chemical admixtures in combination with the correct hardening regime can significantly improve the water resistance and durability of concrete.


1.5 The effect of chemical admixtures on the rheological properties of concrete

The rheological properties of concrete mixtures determine their behavior during the laying and molding process and significantly affect their performance characteristics. These properties depend on the fluidity, viscosity, and plasticity of the mixture, which in turn depend on the composition and type of admixtures used. Plasticizing and air-entraining admixtures play an essential role in changing the rheological characteristics of concrete mixtures, ensuring their workability, stability, and uniformity [51, 52]. 
Plasticizing admixtures (superplasticizers) reduce the water-cement ratio (W/C), increasing the mixture's fluidity, which is important for creating high-strength and self-compacting concretes (SCC). Air-entraining admixtures introduce micro-bubbles of air into the mixture, increasing its plasticity and improving frost resistance. The combined use of these admixtures allows for a synergistic effect, enhancing several characteristics of the mixture simultaneously. 
The rheological properties of concrete mixtures determine their ability to deform and lay under the influence of external forces. The main parameters are:
- Viscosity — the ability of a mixture to resist flow;
- Fluidity — the ability of a mixture to spread under its weight;
- Plasticity — the ability of a mixture to change shape without destroying the structure;
- Yield stress is the minimum stress at which the mixture begins to flow.
These parameters are critically important to ensure uniform concrete distribution in the formwork and to prevent stratification of the mixture. Methods such as the cone Precipitation Test (Slump Test), geometric tests and dynamic rheometry are used to measure rheological properties [53, 54].
Tolegenova et al. [55] investigated the effect of air-entraining admixtures on the rheological properties of cement-based mixtures. These admixtures contribute to the creation of small air bubbles, which enhance the fluidity and workability of the mixture. This is particularly important when concrete is being poured at low temperatures, as the formation of these air bubbles reduces the risk of freezing damage. However, using too many air-entrainers can lead to decreased strength properties, so it is important to optimize their use.
Banfill [56] conducted a study on the admixture effects of water-reducing agents on the rheological properties of fresh concrete. The study found that when combined with superplasticizers, water-reducing agents have a synergistic effect that significantly improves the fluidity and reduces the viscosity of cement paste.
This is due to the decrease in the water-to-cement ratio and the improvement in particle dispersion. This, in turn, reduces internal friction within the mixture and enhances its uniformity, leading to a more fluid and workable concrete mix. 
Viscosity-enhancing admixtures (VEAs) improve the stability of concrete mixtures, especially self-compacting concrete (SCC). In a study by Hayat and Mikanovich [57], various types of VEAs, such as cellulose derivatives and polysaccharides, were investigated for their effect on the rheological properties of concrete mixes. The researchers found that VEAs significantly increase the plastic viscosity of concrete and improve its resistance to segregation, which is particularly important when using aggregates with low water absorption.
Phan and co-authors [58] investigated the effect of organic admixtures on the rheological properties of cement pastes. They found that organic admixtures, such as polyacrylamide and polyvinyl alcohol, improve the dispersion of cement particles and reduce the viscosity of the mixture. This is because these admixtures form an adsorption layer that reduces friction between particles and prevents their aggregation. However, too much of these admixtures can delay the setting process, so careful dosage is required.
Research conducted within the context of the CanMET/ACE [59] conference demonstrated that the addition of chemical admixtures can significantly alter the rheological properties of cement mixtures containing artificial aggregates. Specifically, it was found that superplasticizers based on polycarboxylates have the strongest impact on reducing the dynamic viscosity of the cement paste, enabling high fluidity with minimal water content.
Ferraris and co-authors [60] investigated the effect of various mineral admixtures, such as fly ash and silica, on the rheological characteristics of cement dough. They found that these admixtures reduce the plastic viscosity and increase the flowability of cement paste. This is associated with a reduction in water demand and improved distribution of cement particles.
However, when high dosages of these admixtures are used, an increase in viscosity is observed. This is due to the increase in the specific surface area of particles. Park and colleagues [61] investigated the effect of other mineral admixtures, including fly ash and microsilica, on cement material properties. Their results show that microsilica improves fluidity and reduces viscosity, which can be explained by its smaller particle size and increased specific surface area. Fly ash, on the other hand, increases the viscosity of the mixture due to its high water absorption capacity. This requires an adjustment of the water-cement ratio in order to achieve the desired consistency. 
A recent study by Yang et al. [62] investigated the effect of chemical admixtures on the rheological properties of ultra-high-strength concrete (UHPC). The study focused on the impact of superplasticizers and viscosity modifiers on the fluidity and viscosity of the concrete mixture. The findings indicated that polycarboxylate superplasticizers substantially reduce the dynamic viscosity of UHPC, enhancing fluidity and maintaining high uniformity in the mixture, even with a low water-to-cement ratio.
Mandal and co-authors [63] presented an overview of the latest developments in the field of concrete rheology, with a focus on the use of new chemical admixtures and nanomaterials. Their review emphasized that future research is focused on developing more effective superplasticizers and stabilizers, which will improve the flowability of concrete while maintaining its strength properties.
Cui and colleagues [64] investigated the rheological properties of sprayed ultra-high-strength concrete (UHPC), which contains various viscosity modifiers. Their findings indicate that the addition of these modifiers enhances the stability of the mixture during application, thereby preventing delamination and segregation. This finding is particularly significant for construction projects involving complex geometries and the use of thin-layer coatings.
Laskar and Talukdar [65] conducted a study on the rheological behavior of high-performance concrete with the addition of various mineral admixtures, such as silica and slag. They found that the addition of microsilica improves the fluidity of the mix by reducing friction between cement particles, which is associated with a reduction in water demand.
Liu and colleagues [66] provided an overview of recent developments in the creation of chemical admixtures for concrete. They noted that novel types of superplasticizers, like modified polycarboxylates, enable the mixture to achieve high fluidity and workability with a minimal water-cement ratio. This offers new possibilities for utilizing concrete in challenging construction conditions, like high temperatures or prolonged transportation.
Marchon and colleagues [67] investigated the impact of chemical admixtures on the hydration and rheological properties of concrete for digital construction, incorporating admixture technologies. They found that polycarboxylate-based superplasticizers are most effective in controlling fluidity and setting speed during 3D concrete printing. The use of admixtures provides precise control over viscosity and prevents the mixture from separating. This is especially important in digital construction, where stability and uniformity of the material are crucial.
Superplasticizers are chemical admixtures widely used to significantly change the rheological properties of cement pastes and concrete mixes. A study by Alonso et al. [68] found that polycarboxylate superplasticizers decrease the viscosity of cement pastes and increase their fluidity.
The authors noted that the structure, molecular weight, and degree of adsorption of polycarboxylate esters on the surface of cement particles are crucial factors in determining the effectiveness of these admixtures. The greater the degree of adsorption, the less friction between cement particles, resulting in improved fluidity of the mixture. Papo and Piani [69] conducted a study investigating the effect of different types of superplasticizers on the rheological properties of Portland cement paste. They found that polycarboxylate superplasticizers provided the most extraordinary fluidity at low dosages compared to naphthalene sulfonates and melamine sulfonates. This was due to the larger molecular weight and unique structure of polycarboxylic acids, which allowed for more efficient dispersion of cement particles.
Puertas et al. [70] studied the effect of polycarboxylate superplasticizers on hydration and microstructure in cement paste. Their findings showed that these admixtures improved the dispersion of cement particles, accelerated the hydration process, and reduced the porosity of the cement stone, all of which had a positive impact on strength characteristics.
Hanehara and Yamada [71]investigated the interaction between cement and chemical admixtures, considering the hydration, adsorption of admixtures, and rheological properties of cement paste. They found that the adsorption of superplasticizers on the surface of cement particles significantly affects the rate of hydration and the structure of the resulting cement stone, highlighting the importance of selecting compatible admixtures to achieve optimal rheological properties for the mixture.
Al-Martini and Nehdi [72] investigated the effect of chemical admixtures on the rheological properties of cement pastes at high temperatures, finding that an increase in temperature decreases the fluidity of the cement paste due to an accelerated hydration process. They also found that the use of superplasticizers can compensate for this decrease in fluidity and improve it even at high temperatures.. This is especially important when concreting in hot climates or using concrete in structures that are heat-resistant.
There are different rheological models, such as Bingham Plastic Model, Herschel-Bulkley Model, Power-Law (Ostwald-de Waele) Model and other for determining the rheological properties of cement mortars and suspensions.
One of the most popular rheological models for describing the behavior of cement pastes is the Bingham model. According to this model, cement paste has two parameters: yield strength and plastic viscosity. The model assumes that the material behaves like a solid at low stresses, and begins to flow when the stress exceeds the yield point. To more accurately describe the complex rheological properties of cement materials, the Herschel-Bulkley model is often used, which is an extension of the Bingham model. This model takes into account the nonlinear behavior of the mixture and describes it as a non-Newtonian fluid with a yield strength, plastic viscosity and a flow rate indicator [73, 74]. 
The nonlinear flow behavior of cement systems is characterized by the Herschel-Bulkley model and the modified Bingham model. Equations (1) and (2), respectively, describe [55]:
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where: τ is shear stress, Pa; τ0 is yield stress of the cement paste, Pa; K is consistency factor, Pa∙sn; μ is plastic viscosity, Pa∙s; γ is shear rate, s-1; n is shear thinning/thickening index (n<1; n>1, respectively); c is second order term, Pa∙s2. 
Peng and colleagues [75] studied the rheological behavior of fresh cement-asphalt paste using the Herschel-Bulkley model. They found that this model provided a more accurate viscosity description under different test conditions, particularly at low and high shear rates. This model allowed them to account for changes in rheological properties due to various admixtures and temperature variations.
Thixotropy refers to the ability of materials to alter their viscosity over time under constant stress. Cement pastes frequently exhibit thixotropy, which is associated with the breakdown and recovery of the internal structure of the material.
Wallevik [76] conducted a study on the thixotropic properties of cement pastes, demonstrating that these materials show a decrease in viscosity with continuous stirring and a restoration of their structure when mechanical action is removed. He suggested using thixotropic models, such as the structural decay model, to explain the behavior of cement pastes. These models account for the process of rebuilding the material’s structure after shear forces are removed, which is crucial when simulating the process of placing and subsequent hardening of concrete.
Models based on the microscopic structure of cement materials consider the influence of cement grains, aggregates, and admixtures on the material's rheological properties. These models allow us to predict changes in viscosity and yield strength based on the mixture's composition and hydration processes.
Choi et al. [77] developed a model that considers changes in the microstructure of cement slurry at high particle concentrations. Their research showed that an increase in small particle content leads to an increase in viscosity, which is linked to an increase in surface area and particle interaction. This model allows for the prediction of rheological properties in cement suspensions based on particle size and concentration.
Shaughnessy and Clark [78] investigated the rheological behavior of fresh cement paste and found that the Herschel-Bulkley model can effectively describe highly concentrated, complex cement pastes. They noted that this model is particularly suitable for materials with high acceptable admixture content, such as silica and fly ash, which influence the plastic viscosity and yield strength of the mix.
Feys and colleagues [79] provided an overview of the most common techniques for measuring the viscoelastic properties of cement-based materials and suggested using thixotropic models to investigate structural changes in the mixtures. They pointed out that thixotropic models could be beneficial for analyzing dynamic variations in rheological characteristics during the placement and hardening stages, particularly for self-healing concretes.


1.6 Current trends in the development of concretes with chemical admixtures

The use of chemical admixtures in concrete mixes to increase their sustainability and environmental friendliness is a significant trend in the construction industry. Imbabi et al. [80] describe recent developments in "green" concrete that include admixtures that reduce the carbon footprint of cement. These admixtures enable the use of waste materials such as ash and silica, and reduce the amount of cement used in the mix, thereby reducing CO₂ emissions. Additionally, polycarboxylate-based superplasticizers can lower the water-cement ratio and enhance the fluidity of the mix without compromising strength, making concrete more stable and durable.
Research in Japan [81] is focused on developing new types of chemical admixtures to improve the properties of concrete under specific operating conditions. In recent years, there has been a growing interest in multifunctional admixtures that combine the properties of superplasticizers, retarders, and setting accelerators, as noted by Sakai and colleagues. This allows for optimizing the composition of concrete mixes depending on climatic conditions and the type of construction. Japan is also working on admixtures for self-compacting concrete (SCC), which enhance workability and reduce the risk of mixture delamination. These admixtures are designed to improve the performance of concrete in various applications, making it more durable and reliable.
The environmental sustainability of concrete has become an increasingly important consideration in its development. Sandanayake et al. [82] reviewed current trends in the use of waste and recycled materials in concrete. They found that chemical admixtures allow for the integration of materials such as fly ash, slag, and recycled concrete into concrete mixtures without compromising their rheological and strength properties. These admixtures facilitate improving the adhesion between the cement paste and secondary aggregates, enhancing the durability and stability of the final product.
Hooton [83] emphasizes the importance of developing new standards for cement materials that consider the use of modern chemical admixtures, such as polycarboxylate superplasticizers and setting retarders. These admixtures improve concrete's workability and durability. With the increasing use of these admixtures, new standards are needed that will consider their effects on the hydration process, structural changes, and durability. This is particularly important for infrastructure projects that require high-strength and durable materials, such as bridges and buildings.
Van Damme [84] discusses modern innovations in concrete materials science, focusing on the development of new chemical admixtures and their impact on cement microstructure. Research shows that the use of nanotechnology in admixtures, such as nano silicon, can significantly enhance concrete’s strength characteristics. These nanotechnology-based admixtures create a tighter cement paste, accelerating hydration processes and increasing the strength and durability of concrete in aggressive environments.
Ramachandran, in his book "Concrete Admixtures Handbook" [85], discusses the latest developments in the creation of chemical admixtures for concrete. One key area he highlights is the development of multifunctional admixtures that simultaneously improve several properties of concrete, such as fluidity, setting speed, and durability. These admixtures, based on modified polycarboxylate, can reduce the amount of water and cement needed in the mix while also providing high resistance to chemical influences. This makes concrete more suitable for use in extreme conditions.



Conclusions of Chapter 1.

1. There is growing interested in «green concrete». Chemical admixtures assist reducing the carbon footprint of concrete production, allowing the use of secondary materials (fly ash, silica) and reducing the cement content, which is essential for improving the concrete's environmental sustainability.
2. The importance of modern superplasticizers. Polycarboxylate-based superplasticizers are key admixtures that ensure high fluidity in concrete mixtures with a low water-cement ratio. This allows concrete to increase its strength and rheological characteristics.
3. Multifunctional admixtures are a new trend. Modern research focuses on developing multifunctional admixtures that simultaneously improve several characteristics of concrete (ductility, setting speed, durability). This makes it possible to optimize the composition of concrete mixtures for various operating conditions.
4. The use of nanomaterials to increase strength. Nanomaterials, such as nano silicon, are actively used in admixtures, which improve the microstructure of cement stone, accelerate hydration processes, and increase the strength characteristics of concrete.
5. The increasing role of thixotropic and stabilizing admixtures. Admixtures that alter thixotropic properties and increase the stability of the concrete mix play an essential role in preventing delamination and segregation, especially in self-sealing concretes (SCC) and 3D printing concretes.
6. Standards must be adapted to new types of admixtures. Modern chemical admixtures, such as polycarboxylate superplasticizers and setting retarders, require updating standards for cement materials to account for their impact on hydration processes, structural changes, and concrete durability.
7. The use of complex chemical admixtures in extreme conditions. Antifreeze admixtures and setting accelerators allow concrete to harden at low temperatures, which is especially important for construction in harsh climatic conditions.
8. Increasing water retention and reducing porosity. Introducing chemical admixtures such as silica and fly ash reduces water absorption and porosity of concrete, which assists in increasing its water and frost resistance, as well as reducing corrosion of reinforcement.
9. Development of rheological models for the analysis of concrete mixtures. Rheological models such as the Bingham model and the Herschel-Bulkley model allow us to accurately describe the behavior of cement pastes and concrete mixtures, considering nonlinear and thixotropic properties, which is necessary to predict their behavior during laying and hardening.
10. The use of complex admixtures improves the economic efficiency of construction. The use of chemical admixtures reduces the cost of materials, reduces the duration of construction, and increases the durability of concrete structures, making this approach economically profitable and technologically efficient.


2 MATERIALS AND TESTING METHODS OF MODIFIED CONCRETE AND CEMENT COMPOSITES

2.1 Material Used in Research

2.1.1 The characteristics of Portland cement

The CEM III/A-SH 42N grade slag Portland cement, produced by the Standard Cement LLP plant, which meets the requirements of ST RK EN 197-1:2011, was used as a binding material. The composition of the cement clinker, the chemical composition of the electrothermophosphate granular slag, and the chemical composition of the slag Portland cement, as well as its physical and mechanical properties, are presented in Tables 1, 2, 3, and 4, respectively.
Electrothermophosphate granulated slag is employed as the primary component of the cement. This substance serves as an active mineral addition and is also an essential element in the manufacture of slag-based binders and products.

Table 2.1 - Composition of cement clinker 

	Name of components
	Amount,%

	The total content of tricalcium and bicalcium silicates (C2S, C2S)
	75

	Mass ratio of calcium to silicon oxide (CaO/SiO2)
	2,8

	Magnesium oxide (MgO)
	1,6



Table 2.2 - Chemical composition of electrothermophosphate granular slag 

	Name of components
	Amount,%

	Silicon dioxide (SiO2)
	40,3

	The total content of calcium oxide and magnesium oxide (CaO, MgO)
	47,2

	Phosphorus pentoxide (P5O)
	1,1

	Chloride-ion (Cl-)
	0,03



Table 2.3 - Chemical composition of slag-portland cement

	Name of components
	Amount,%

	Mass loss during calcination
	0,7

	Insoluble residue
	1,4

	Sulfur oxide (SO2)
	2,2

	Magnesium oxide (MgO)
	1,6

	Chloride-ion (Cl-)
	0,05



Table 2.4 - Physical and mechanical properties of slag-portland cement 

	Properties
	Parameters

	Compressive strength, at the age of 7 days, МPа 
	18

	Compressive strength at the age of 28 days, МPа
	34,2

	Setting time of cement paste: beginning, min, not earlier
	81

	Uniformity of volume change (expansion), mm, no more
	6



The Portland cement without mineral additives of the CEM I 42.5 R brand, conforming to the EN 197-1 standard, with a water consumption of 26,6 percent. Its mineral composition, physical and mechanical characteristics are given in Tables 2.5, 2.6 and 2.7, respectively.

Table 2.5 - Mineral and chemical composition of the cement

	Component
	Amount [%]

	Tricalcium silicate (C3S)
	57,9

	Dicalcium silicate (C2S)
	15,6

	Tricalcium aluminate (C3A)
	7,5

	Tetracalciumaluminoferrite (C4AF)
	11,9



Table 2.6 - Chemical composition of the cement

	
	Component

	
	Al2O3
	Fe2O3
	SiO2
	CaO
	MgO
	SO3
	K2O
	Na2O
	Cl-
	CaOfree

	Amount [%]
	5,23
	3,44
	20,63
	63,56
	3,13
	0,78
	1,15
	0,10
	0,007
	1,4



Table 2.7 - Physical and mechanical properties of cement

	Property
	Value

	2-day compressive strength,[MPa]
	28±2

	28-day compressive strength, [MPa]
	55±3

	Initial setting time, [min]
	180

	Final setting time, [min]
	225

	Volume stability, [mm]
	1,0

	Water consumption, [%]
	26.6

	Residue on the 90µm sieve, [%]
	1,5

	Fineness by Bline, m2/kg
	340



The results of the particle size distribution of cement are presented in Figure 2.1.

[image: ]

Figure 2.1 - Particle size distribution of cement CEM I 42.5 R

2.1.2 Fine aggregate

As the fine aggregate, natural fine-grained quartz sand was utilized, characterized by a grain size modulus of (Mk = 2,4) and a bulk density of 1450 kg/m³, in compliance with the requirements of ST RK 1217-2003. The particle size distribution of the sand is demonstrated in Figure 2.1.

[image: Изображение выглядит как диаграмма
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Figure 2.2 – Grain composition of sand 

Potable water was used in the preparation of the concrete mortar, meeting the specifications outlined in GOST 27732-2011 and the standard ST RK 1015-2000, «Water. Gravimetric method for determining sulfate content in natural wastewater».

2.1.3 Coarse aggregate

Dolomite crushed stone with a particle size range of 5–20 mm and a crushing strength of M1000, and a bulk density of 1,31 t/m³ was used as the coarse aggregate (refer to Table 2.8). The aggregate meets the specifications outlined in ST RK 1284-2004, which sets out the essential requirements for crushed stone produced from dense rock and used as coarse aggregate in heavy concrete.

Table 2.8 - Grain composition of coarse aggregate 

	Fractions of crushed stone
	Quarry
	Sieve sizes

	
	
	d, mm
	0,5(d+D), 12,5 mm
	D, 20 mm
	1,25D, 25 mm

	5-20
	Test
	97,4
	66
	2,4
	0



2.1.4 The Characteristics of the plasticizing admixtures 

Plasticizing admixtures Master Rheobuild 1000, CHRYSO Fluid 423, and PCE plasticizers were applied in the research for the concrete mortar and cement-based materials. The properties are demonstrated in table 2.9.

Table 2.9 - Properties of plasticizing admixtures

	Characteristics
	Master Rheobuild 1000

	Color
	Dark brown

	Consistence
	Liquid

	Density
	1,21 ± 0,02 g/cm3

	Chlorine content:
	< 0,01%



MasterRheobuild 1000. A concrete admixture based on sulfonated polymers. MasterRheobuild 1000 is a concrete admixture that is based on sulfonated polymer compounds. This product improves the viscosity and significantly reduces the amount of water in plastic concrete, which in turn accelerates the curing process and enhances the early strength of the concrete.
Polycarboxylate ether (PCE). Polycarboxylate ethers are used as superplasticizers not only to decrease the water requirement but also to enhance the workability of cement mortars. The physical and chemical properties of polycarboxylate ethers are presented in Table 2.10.

Table 2.10 - Physical and chemical properties of the used PCE

	Polymer type
	Polycarboxylate ether (HPEG 2400)

	Appearance
	White solid

	Hydroxyl number (mg KOH/g)
	app.117

	pH-value EN 1262 
	5,5 – 7,5

	Molecular weight 
	2400

	Unsaturation (%>)
	95

	Color (Pt-Co < )
	100


CHRYSO Fluid 423, a polycarboxylate-based plasticizer (PPVE), has been used as a workability-enhancing admixture in concrete. The specific chemical and physical properties of this admixture can be found in Table 2.11.

Table 2.11 - Chemical and physical properties of CHRYSO Fluid 423 

	Name
	Properties

	Colour
	Brown

	Consistency
	Liquid

	Density
	1,180 g/cm3



2.1.5 The Characteristics of air-entraining admixtures

Air Entrainment admixture (AIR)
SikaControl-10 LPS A is a synthetic detergent-based air-entraining admixture designed to improve the frost resistance of concrete. The admixture promotes the formation of tiny, evenly distributed air pockets in the cement slurry, which allow for water to expand during freezing and fill these pockets, preventing concrete structure destruction. Additionally, the presence of these air pockets improves the plasticity of the concrete mixture and facilitates its placement.
General properties of SikaControl-10 LPSA:
- appearance: brown liquid;
- basis: Synthetic detergents;
- active substance concentration: 10 percent;
- density: 1,00 ± 0,02 kg/L;
- pH: 7,0 ± 0,5;
- chloride content: less than 0,1 percent;
- sodium oxide equivalent: Less than 0,3 percent.
The admixture is added to the concrete mixture along with the shutting-off water. The use of SikaControl-10 LPSA can significantly enhance the frost resistance of the concrete and improve its water resistance and crack resistance.
Anti-foaming agent (AF)
Anti-foaming agents are chemical admixtures designed to prevent or reduce foam formation during the preparation and application of building mixtures such as concrete and cement mortars.
The main functions of anti-foaming agents include:
- Destroying already-formed foam bubbles
- Preventing the formation of new foam
Anti-foaming agents have the ability to quickly spread over the surface of foam, facilitating its rapid destruction. The key properties of anti-foaming agents are presented in Table 2.12 [86].

Table 2.12 - Composition and properties of the used antifoam agent

	Polymer type
	Antifoaming agent (A-316)

	Continuous of table 2.12

	Polymer type
	Antifoaming agent (A-316)

	Appearance
	Whitish powder with good fluidity

	Bulk density (kg/m3)
	400-700

	Dispersing ability in water
	Easy dispersing into water

	pH value of 1% in water 200C
	7-9

	Soluable
	Surface treated, cold water soluable



Master Air 200 (AIR). This product was used as an air-entraining agent (see Table 2.13). The agent was added to the mixture simultaneously with the water, and its dosage was expressed as a percentage of the total weight of cement, calculated based on its dry content.

Table 2.13 - Physical and chemical properties of Master Air 200 

	Name
	Properties

	Colour
	Light brown

	Consistency
	Liquid

	Density
	1,02 ± 0,02 g/cm3

	Chlorine ion content
	< 0,01%



2.2 The preparation concrete mortar and cement mortar composition with chemical admixtures

The composition of the concrete mixture and its density, as determined in accordance with GOST 27006-2019, are presented in Tables 2.14, 2.15, and 2.16. A control sample, designated as C1, was also prepared. The first four test specimens were prepared with plasticizer and denoted as PCE1, PCE2, PCE3, and PCE4. For the samples containing plasticizer, the key difference between the mixes is the water-to-cement (W/C) ratio, which ranges from 0,45 to 0,38. While the w/c ratio varies, the amounts of cement and water remain constant.
In the mixture containing an air-entraining agent, the W/C ratio was identical for all specimens at 0,4.

Table 2.14 - Compositions of concrete mortar with a plasticizing admixture 

	Name of specimen
	Cement, g
	Sand, g
	Water, g
	Crushed stone fractions, mm, g, 5-20
	W/C
	Plasticizer (PCE), %

	С1
	460
	670
	230
	1100
	0,5
	-

	PCE1
	460
	670
	207
	1100
	0,45
	0,6

	PCE2
	460
	670
	184
	1100
	0,4
	0,8

	Continuous of table 2.12

	Name of specimen
	Cement, g
	Sand, g
	Water, g
	Crushed stone fractions, mm, g, 5-20
	W/C
	Plasticizer (PCE), %

	PCE3
	460
	670
	175
	1100
	0,38
	1

	PCE4
	460
	670
	175
	1100
	0,38
	1,2



Table 2.15 - Compositions of concrete mortar with an air-entraining admixture  

	Name of specimen
	Cement, g
	Sand, g
	Water, g
	Crushed stone fractions , mm, g
5-20
	W/C
	Mаster AIR 200 (AIR) %

	AIR1
	460
	670
	185
	1100
	0,40
	0,2

	AIR2
	460
	670
	185
	1100
	0,40
	0,3

	AIR3
	460
	670
	185
	1100
	0,40
	0,4

	AIR4
	460
	670
	185
	1100
	0,40
	0,5



Table 2.16 - Compositions of concrete mortar with plasticizing and air-entraining admixtures 

	Name of specimen
	Cement, g
	Sand, g
	Water, g
	Crushed stone fractions , mm, g
5-20
	W/C
	Plasticizer (PCE), %
	Mаster AIR 200 (AIR) %

	(PCE+AIR)1
	460
	670
	185
	1100
	0,4
	0,6
	0,2

	(PCE+AIR)2
	460
	670
	185
	1100
	0,4
	0,8
	0,3

	(PCE+AIR)3
	460
	670
	185
	1100
	0,4
	1
	0,4

	(PCE+AIR)4
	460
	670
	185
	1100
	0,4
	1,2
	0,5



The composition, consistency (as determined in accordance with EN 1015-3), and density (as determined according to EN 1015-6) of the fresh cement mixtures are presented in Tables 2.17 and 2.18. Five of the first samples were prepared with polycarboxylate ether (PCE) and designated as such, while the remaining three were prepared with an air-entraining agent (AIR).
In mixtures containing a superplasticizer (P), the main difference among the samples was the water-to-cement (W/C) ratio, which varied from 0,50 to 0,38, with the amount of cement and water remaining constant as the W/C was changed. For mixtures containing AIR, the W/C remained constant at 0,4 across all samples.
Portland cement served as the control sapmle (C0). To produce seven composite mixtures with a consistent mass ratio, three admixtures were employed: PCE in its solid form, an anti-foaming agent (AF), and the air-entraining admixture SikaControl-10LPSA (AIR).
The content of polycarboxylate ether ranged from 0 percent to 0,4 percent, with each level corresponding to a percentage of the cement weight. The air-entraining admixture (AIR) varied from 0,1 percent to 0,3 percent in the same proportion. Control sample did not include any admixtures.
The anti-foaming agent was present in a constant dosage of 10 percent, based on the superplasticizer concentration. As per Table 2.17, an increase in admixture concentrations (PCE and AF) led to a reduction in water content in the mixtures, ranging from 100 percent down to 77 percent.

Table 2.17 - The composition of mixtures with plasticizing admixtures

	№
	Cement, g
	Sand, g
	Water, kg
	W/C
	PCE, %
	AF,%
	Dav, mm
	Density, kg∕m3

	C0
	972
	2916
	486
	0,50
	0
	0
	156
	2220

	P1
	972
	2916
	486
	0,45
	0,1
	0,01
	142
	2230

	P2
	972
	2916
	486
	0,41
	0,2
	0,02
	147
	2200

	P3
	972
	2916
	486
	0,40
	0,3
	0,03
	134
	2210

	P4
	972
	2916
	486
	0,39
	0,4
	0,04
	133
	1900



Table 2.18 - The composition of mixtures with air-entraining admixtures

	№
	Cement, g
	Sand, g
	Water, g
	W/C 
	PCE,%
	AF%,%
	AIR,%
	Dav, mm

	P2
	972
	2916
	398
	0,41
	0,2
	0,02
	0
	147

	A1
	972
	2916
	398
	0,41
	0,2
	0,02
	0,1
	171

	A2
	972
	2916
	398
	0,41
	0,2
	0,02
	0,2
	190

	A3
	972
	2916
	398
	0,41
	0,2
	0,02
	0,3
	197



The composition of fresh cement mortar is presented in Tables 2.19, Table 2.20 and 2.21. Sample C0 was used as a reference for mortars with plasticizers, and sample C was used for mortars with air entrainers. These specimens have been prepared for rheology testing.
The first three samples were prepared using polycarboxylate ethers and an antifoam agent dissolved in water. The following three samples with air entraining agents were prepared similarly. A change in the amount of polycarboxylate ether used resulted in a change in the water/cement ratio from 0,56 to 0,46 in mortars with plasticizers. In mortars with different amounts of air entraining admixtures, the water/cement ratio was constant at 0,5.
Specimens with 0,1 percent, 0,2 percent, and 0,3 percent polycarboxylate ether by weight of cement had increasing ether content, which was accompanied by corresponding decreases in water requirement to achieve similar consistency of cement mortar (Dfl in Table 3).
In mortar containing plasticizing and air-entraining admixtures, as the water-to-cement (W/C) ratio varied, the consistency of the mix varied from 0,51 to 0,45. For a given consistency (slump), the W/C ratio decreased to 0,41.
The amounts of cement and fine aggregate in all mortar mixes remained constant. For the control sample, Portland cement (samples C0 and C) without admixtures was used. The following chemical admixtures were used in different combinations in cement mortars with a constant mass ratio:
- an air-entraining admixture, SikaControl-10 LPSA (designated AIR);
- a polycarboxylate ether in solid form (designated PCE);
- an antifoam agent.

Table 2.19 - The composition of mixtures with plasticizing admixtures

	№
	Name
	Cement, g 
	Sand, g
	Water
	PCE, %
	W/C
	Dfl, mm

	1
	C0
	450
	1350
	250
	0
	0,556
	156

	2
	PCE0.1
	450
	1350
	228
	0,1
	0,506
	142

	3
	PCE0.2
	450
	1350
	204
	0,2
	0,456
	147


 
Table 2.20 - The composition of mixtures with air-entraining admixtures

	№
	Name
	Cement, g 
	Sand, g
	Water, g
	AIR,%
	W/C
	Dfl, mm

	1
	C
	450
	1350
	225
	0
	0,50
	156

	2
	AIR0.1
	450
	1350
	225
	0,1
	0,50
	171

	3
	AIR0.2
	450
	1350
	225
	0,2
	0,50
	190

	4
	AIR0.3
	450
	1350
	225
	0,3
	0,50
	197



[bookmark: _Hlk145759784]Table 2.21 - The composition of mixtures with both plasticizing and air-entraining admixtures

	№
	Name
	Cement, g 
	Sand, g
	Water, g
	AIR,%
	PCE,%
	W/C

	1 
	PCE0.1
	450
	1350
	228
	0,0
	0,1
	0,506

	1
	PCE0.1+AIR0.1
	450
	1350
	202
	0,1
	0,1
	0,449

	2
	PCE0.1+AIR0.2
	450
	1350
	202
	0,2
	0,1
	0,449

	3
	PCE0.1+AIR0.3
	450
	1350
	202
	0,3
	0,1
	0,449

	4
	(PCE0.1+AIR0.1)-W
	450
	1350
	192
	0,1
	0,1
	0,427

	5
	(PCE0.1+AIR0.2)-W
	450
	1350
	185
	0,2
	0,1
	0,411




2.3 The characteristics of research methods

2.3.1 The study of consistency of cement mortar

This method is used to evaluate the fluidity and workability of cement-based mortar. It enables the determination of how far the mortar spreads under its own weight, which is crucial for quality control and the selection of an appropriate mixture formulation (figure 2.3).
A predetermined volume of the mortar is poured into a mold positioned on a specialized spreading table. Once the mold is filled, it is carefully extracted, and the table is elevated and lowered several times, causing the mortar to spread across the table's surface.
The diameters of the spread in two perpendicular directions are measured, and an average value is calculated. A larger diameter indicates a higher fluidity of the mortar.
This technique assists in assessing how well the mortar is suited for specific working circumstances, such as casting into molds or applying thin layers. Additionally, it allows for adjusting the composition of the mix to achieve the desired consistency.
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Figure 2.3 – Flow table for cement consistency testing

2.3.2 The study of technological properties of concrete mortar

The workability of the freshly prepared concrete mortar for each specimen was determined using a cone in accordance with GOST 10181-2000 «Concrete mortar. Test methods».
For strength testing, cubes of 100100100 mm in size were made, four samples for each specimen (Figure 2.4). When reaching the age of 7 and 28 days, compression tests were carried out in accordance with GOST 10180-2012 by the following formula [87]:

                                                                                               (1)

where F — destructive load, N;
          А — working cross-sectional area of the sample, mm2;
           — scale coefficient for reduction of concrete strength to the concrete strength in samples of basic size and shape;
          Kw — correction coefficient for cellular concrete, considering the humidity of the samples at the time of testing. 
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Figure 2.4 - Compression press for determining the strength of concrete

2.3.3 The study of the durability and porosity properties of cement mortar

The freezing-thawing resistant of the cement hardened mortar is preserved in the image below. After 7 days, the specimens were extracted from water baths and divided into two parts perpendicular to the upper confinements. A cross-sectional specimen was taken from the cement, which was then placed in a cylindrical container for growth (not cut off).
The prepared specimens were placed in a test container, gaskets were added, and they were immersed in a 3 percent NaCl water mortar for 7 days at a thickness of approximately 5 mm by placing them in a cooling chamber. The schematic representation of the hardened cement mortar after freezing is shown in Figure 2.5.
The process involved the freezing of samples in a medium containing a maximum of 3 percent sodium chloride. The specimens were then cooled in a chamber and subjected to repeated cycles of freezing and thawing, with temperatures ranging from 20±4 Celsius to -20±2 Celsius and returning to 20±4 Celsius, for a total of 24 hours.
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Figure 2.5 - Testing scheme of freezing-thawing resistance of concrete

After 7, 14, 21, and 28 cycles of freeze-thaw, the collection of materials that had exfoliated from the test surfaces of the cement mortar samples took place. The surfaces of the specimens were thoroughly cleaned and washed with a brush in order to remove all loose materials, which were then transferred to a special container until further processing became impossible.
The liquid containing the exfoliated material was carefully filtered using filter paper. Any sodium chloride residues on the filter paper were removed by washing the paper. The filter paper and its contents were then dried to a constant weight at (65 ± 5) Celsius for 24 hours, after which it was weighed with an accuracy of 0.1 grams.
Following this process, the total weight of the dried exfoliated material as well as the amount of exfoliation that occurred on the test surface after each freeze-thaw cycle was calculated.
The total amount of scaled materials related to the test after nth cycles mn was calculated for each measuring occasion and each specimen is shown in Equation:

	
	2.1



where - is the mass of scaled material of measurement after n cycles (kg/m2) with an accuracy of 0.01 g. The sum is taken over all measurements until the nts; A – is the area of the test surface, m2. It is calculated based on specimen linear dimensions. They are taken as the average of a least two measurements determined to the nearest 0,5 mm.
The amount of scaling was evaluated after 7, 14, 21, and 28 freeze-thaw cycles.  
Additionally, the porosity characteristics of the hardened cement mortar were assessed by measuring the kinetics of water absorption. This analysis provided insights into open porosity (capillary pores), total porosity, and closed porosity (air pores). Testing was conducted on samples measuring approximately 40×40×40 mm, which were pre-dried to a constant mass.
The dried samples were immersed in water within a container where the water level was maintained at least 50 mm above the upper surface of the specimens. The water temperature was kept at 20 ± 2 Celsius. The specimens were weighed after 15 and 30 minutes, then 4 hours following immersion, and subsequently at 24-hour intervals until a constant mass was reached.
Relative water absorption by mass was calculated based on the collected data. The porosity and related parameters for each series of hardened cement samples were determined as the arithmetic mean of the results obtained from four specimens in the series. This comprehensive methodology ensured accurate characterization of the material's freeze-thaw resistance and porosity.
The total, open, and closed porosity of hardened cement mortar was calculated after determination of water absorption kinetics. The total porosity of hardened cement mortar is calculated by equation:

	
	
(2.2)



where Pb—is the total porosity of hardened cement mortar; ρs—is the specific density of cement mortar, 2690 kg/m3; and ρb—is the density of hardened cement mortar. 
Open porosity (capillary pores) of hardened cement mortar is calculated by equation: 

	
	(2.3)



where  – is open porosity of hardened cement mortar (capillary porosity), %;  – is water absorption of hardened cement mortar, %.
The closed porosity of hardened cement mortar (air porosity) is calculated as the difference between the total porosity and the open porosity.
The density of cement mortar specimens used for water absorption testing was measured according to EN 12390-7, and the volume of a specimen was determined by the water displacement method.

2.3.4 The study of rheological properties and water bleeding of cement mortar

To investigate the rheological properties of the cement paste, we used coaxial cylinders (RN 4.1, manufactured by Rheotest Miden GmbH, Germany), which were mounted on a rotational viscometer. A simplified diagram of this rotational viscometer measurement device is shown in Figure 2.6. The rheometer we employed allows for testing of the cement paste under various shear rate conditions. The specific shear rate regime used in this experiment is illustrated in Figure 2.8.
For each flow curve, we obtained ascending and descending limbs, which were generated through seven linear stages of strain rate alteration from 20 s⁻¹ to 120 s⁻¹. At each of these linear stages, the shear stress was recorded for 30 seconds, with a steady-state voltage value being recorded for the corresponding strain rate. These tests were conducted at a constant temperature of 20 ± 2 Celsius.
After mixing, the cement mortar was tested for its stability and rheological properties before it was transferred to glass containers, which were subsequently stored under laboratory conditions with a minimum relative humidity of 65 percent and a temperature of 20 ± 2 Celsius. Prior to rheological testing, the mortar was manually stirred for 1 minute using a metal spatula.
Rheological testing was conducted 5 and 90 minutes following the mixing of the mortar, utilizing a Rheotest RN 4.1 rotational rheometer with coaxial cylinders, in accordance with the shear rate regime depicted in Figure 2.7. Flow curves of the mortar (the relationship between shear rate and voltage) were captured using the appropriate instrumentation.
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Figure 2.6 – General view of Rheometer RN 4.1
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Figure 2.7 - Scheme of the cylindrical measuring device of the rotation rheometer RN 4.1 [88]: 1 - mounted measuring cylinder, 2 - rotating cylindrical rotor, 3 - gap for cement mortar 
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[bookmark: _Hlk148864847]Figure 2.8 - Shear rate mode of the rheological test

The Herschel-Bulkley rheological model approximated the flow curves produced in the rheological test (dependence between shear stress and shear rate):

	
	(2.4)



where: τ is shear stress, Pa; τ0 is ultimate shear stress (yield stress), Pa;  is consistency factor, Pa∙sn;  is shear rate, s-1; n is pseudoplastic (thixotropy) index (n < 1), dilatancy index (n> 1). 
An example of fitting experimental data using the Herschel–Bulkley model is illustrated in Figure 2.9. This figure demonstrates the relationship between shear stress and shear rate, highlighting the model's ability to characterize nonlinear flow behaviors, such as shear thickening or shear thinning. The extent of these behaviors is reflected in the deviation of the flow index—the greater the deviation, the more pronounced the shear thickening or thinning observed.
The curves obtained from the test results were approximated to lines passing through the points 20 s-1 and 100 s-1.
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Figure 2.9 - The Herschel–Bulkley model is used to approximate the experimental flow curve
Using the approximated lines, key rheological parameters, such as yield stress (τ0) and plastic viscosity (ɳ), were estimated during the flow curve approximation process (dependence between shear stress (τ) and shear rate () in the range of 20 s-1 to 100 s-1.
The following equation is used to determine the viscosity of cement mortar :

	
	(2.5)



where:  is viscosity, Pa·s; is yield stress, found out of  – τ curve – the point, in which the curve crosses τ axis;  is shear rate.
The shear thinning/thickening index was calculated from hysteresis in up and down flow curves by reducing the yield stress after an increase of shear rate up to 120 s-1 by the following equation:

	,
	(2.6)



where:  is shear thinning/thickening index by yield stress;  is yield stress before and after shear flow;  is shear rate before and after shear flow
or reduction of plastic viscosity after an increase of shear rate up to 120 s-1 by the following equation:

	,
	(2.7)



where:  is shear thinning/thickening index by plastic viscosity; ɳ is the plastic viscosity before and after shear flow;  is shear rate before and after the shear flow.
The mortar belongs to the pseudoplastic or dilatant fluid category if the shear thinning/thickening index is positive, meaning that as the shear rate increases, the yield stress or plastic viscosity increases; if the index is negative, on the other hand, the paste is a thixotropic fluid.
Water bleeding test
This technology was employed to assess the water bleeding characteristics of cement mortar modified with plasticizers and air-entraining admixtures (Figure 2.10). The preparation of the test mixture followed the same procedure used for the rheological tests. After mixing, the prepared mixture was poured into a plastic container, sealed with a waterproof film, and left undisturbed at room temperature for 30 minutes, 1 hour, 1.5 hours, and 2 hours. The volume of each sample remained consistent throughout the testing. At each specified time interval, the water that separated from the surface of the test specimens was carefully collected and weighed. To quantify the water bleeding of the cement mortar, the volume coefficient of water separation was calculated using a predefined formula. This parameter served as the basis for evaluating the effectiveness of the tested modifications.

	
	(2.8)



where: Kb is the volumetric coefficient of water bleeding,%; a is the initial volume of cement mortar, cm3; b is volume of settled cement mortar, cm3.
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Figure 2.10 – Preparation mortars for rheological and water bleeding tests

2.3.5 The investigation of microstructure and elemental analysis of modified concrete compositions

The SEM and X-Ray were undertaken to investigate the chemical admixtures distribution in the concrete matrix and evaluate its effect on the morphology of cement hydartion products.
The microstructure of materials was explored with the use of scanning electron microscopy (SEM) equipment JEOL JSM-7000. The JEOL JSM-7000F is a high-resolution field emission scanning electron microscope. It features a resolution of 1.2 nm at 30 kV and 3.0 nm at 1 kV, making it suitable for high-quality imaging. The instrument is equipped with a Field Emission Gun (FEG) and supports an accelerating voltage range from 0.5 to 30 kV with a probe current adjustable between 1 pA and 200 nA. It offers a magnification range from ×25 to ×1,000,000.
The system includes a motorized 5-axis stage with movements in X (80 mm), Y (60 mm), Z (5-48 mm), tilt (-10° to +90°), and full 360° rotation. For imaging, it comes with a secondary electron detector (SED) and a backscattered electron detector (BSED), with an optional energy-dispersive X-ray spectroscopy (EDS) for elemental analysis. The microscope operates in high-vacuum mode and can be configured for low-vacuum operation. The software offers automation for efficient image acquisition and advanced analysis capabilities. 
The working space of the microscope and the scheme of examination of materials are shown in figures 2.11 and 2.12.
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Figure 2.11 – Scanning electronic microscope (SEM)
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Figure 2.12 – Specimen preparation for SEM test

X-ray diffractometric analysis was performed on an automated diffractometer DRON–3 with SiК radiation, a β-filter. Diffractogram shooting conditions: U=35 kV; I=20 mA; shooting θ-2θ; detector 2 deg/min. X-ray phase analysis on a semi-quantitative basis was performed using diffractograms of powder samples using equal attachments and artificial mixtures. The quantitative ratios of the crystalline phases were determined. The interpretation of diffractograms was carried out using data from the ICDD card file: Powder diffractometric database PDF 2 (Powder Diffraction File) Release 2022 and the HighScorePlus program. The content was calculated for the main phases.


Conclusions of Chapter 2

The study was conducted in order to study the main components of concrete, as well as to analyze the properties of plasticizing and air-entraining admixtures for their possible use in construction. The main conclusions and results of the study are presented below:
1. Portland cement, sand, water and chemical admixtures are considered as
the main components of concrete, their key parameters, and their characteristics are determined.
2. The chemical and mineral composition of Portland cement was studied,
A granulometric analysis was carried out to determine the dimensional characteristics of the sand. The main chemical properties of plasticizing and air-entraining admixtures are given
5. Tests were carried out on workability, strength, density, and other physical and mechanical properties of modified concrete, as well as on durability, which made it possible to determine frost resistance by different cycles of freezing and thawing.
6. Various research methods and techniques were used, including granulometric analysis, chemical analysis, and SEM (scanning electron microscopy) methods for studying the properties of materials.
8. To determine the rheological characteristics of cement-sand mortars, the Herschel-Bulkley model was used to determine the rheological properties more accurately.


3 COMPLEX EFFECT OF CHEMICAL ADMIXTURES ON TECHNOLOGICAL PROPERTIES OF CONCRETE AND DURABILITY AND POROSITY OF CEMENT MORTAR 
3.1 The influence of both plasticizing and air-entraining effect on technological properties of concrete 
3.1.1 The results on the technological tests of concrete mortar

The results of the assessment of the workability of concrete with different admixture compositions are presented in Table 3.1. The sediment of freshly prepared control concrete specimen was 13 cm. When modifying admixtures were added, the workability of the mixture significantly improved. According to Table 3.1, all studied admixtures increased the workability of the concrete mix by 10-30 percent. The highest increase was recorded for specimen No. 13, which had a sediment of 22 cm, 36 percent greater than that of the control specimen C1.
After 120 minutes, the highest cone sediment value of 19 cm was also recorded for specimen No. 13. Among the specimens with air-entraining and plasticizing agents, specimens No. 4 and 9 had the most significant sediments, 15 percent and 30 percent greater than control sample C1, respectively (Figure 3.1).

Table 3.1 - The effect of plasticizing and air-entraining admixtures on the workability of concrete mortar

	№
	Name of specimen
	Cone sediment, cm
	Density, kg/m3

	
	
	After 15 min.
	After 120 min.
	

	1
	С1
	14
	8
	2440

	2
	PCE1
	15
	12
	2470

	3
	PCE2
	16
	13
	2400

	4
	PCE3
	18
	16
	2360

	5
	PCE4
	20
	17
	2350

	6
	AIR1
	13
	10
	2360

	7
	AIR2
	14
	12
	2345

	8
	AIR3
	16
	13
	2240

	9
	AIR4
	17
	15
	2355

	10
	(PCE+AIR)1
	15
	13
	2355

	11
	(PCE+AIR)2
	17
	15
	2336

	12
	(PCE+AIR)3
	19
	16
	2308

	13
	(PCE+AIR)4
	22
	19
	2285
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Figure 3.1 – Cone slump test results

When using the PCE (polycarboxylate ether) admixture, an increase in compressive strength was observed compared to the control specimen at both 7 and 28 days. Specifically, the strength increased from 37,2 MPa to 38,4 MPa on the 7th day and from 46.8 MPa to 48.2 MPa on day 28.
This improvement in strength is attributed to the plasticizing effect of PCE in cement paste, which reduces the volume of interfacial voids and ensures better contact between hydrated cement products. This leads to a more cohesive and durable aggregate structure.
Additionally, the water-cement ratio of the mortar decreased by between 10 percent and 24 percent when PCE was used. The most significant reduction in water-cement ratio was achieved with an admixture dosage of 1,2 percent by weight of cement.
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Figure 3.2 – The effect of the water and cement ratio on the compressive strength of concrete 

When modifying the concrete mixture by adding plasticizing and air-entraining agents, a gradual increase in strength was observed after 7 and 28 days: from 21,2 MPa to 34,5 MPa and from 38,0 MPa to 47,2 MPa, respectively, as shown in Figure 3.2. On the 28 day, the maximum strength of Rcomp=47.2 MPa was achieved by adding 1,2 percent PCE and 0,5 percent AIR, by weight of cement, resulting in a 32,62 percent increase compared to the control specimen. The density of the concrete on the 28 day ranged between 2440 and 2285 kg/m³, due to the combined effects of the admixtures, which promote the uniform formation of small, stable air bubbles throughout the concrete and improve strength and frost resistance.
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Figure 3.3 – The effect of plasticizing and air-entraining admixtures on concrete density 


3.2 The influence of both plasticizing and air-entraining effect on durability and porosity of cement mortar

3.2.1 The study of consistency, stability and water requirements

The addition of a certain amount of modifying admixtures resulted in a decrease in water demand. Initially, the effect of reducing water demand when adding polycarboxylate ether (PCE) to a cement-sand mortar was investigated.
Figure 3.4 shows the results of the experiment. Based on these results, the effect of PCE on water demand reduction depends on its dosage. Increasing the content of the superplasticizing admixture from 0,1 percent to 0,2 percent by weight of cement led to a consistent decrease in the water requirement of the cement mortar by 9,8 percent. With a further increase in PCE dosage from 0,2 percent to 0,4 percent, the water demand decrease was 22,8 percent.
This phenomenon is explained by the dispersive ability of the superplasticizer, which is expressed through the ζ-potential. Superplasticizers reduce the final shear stress and plastic viscosity of the mortar, improving the characteristics of freshly mixed cement mortar.
Chemical admixtures improve the flow performance of cement mortar by dispersing cement particles. The compatibility between cement and chemical admixtures depends on their physical and chemical properties. Figure 3.5 shows the effect of polycarboxylate ether (PCE) and air-entraining admixtures on the spreading behavior of cement mortar. The figure shows changes in the average spreading diameter of mortars prepared with different dosages of PCE and air entrainers compared to a control mixture. The mortar with air-entraining admixtures had a maximum flow spread diameter of 197 mm, while mortar with PCE showed stable values between 133 and 156 mm. This is due to the stabilizing effect of PCE on the cement particles.
When comparing the effect of PCE, it has been noted that dosages below 0,3 percent do not have a significant impact on fluidity. These findings are consistent with the conclusions presented in a study by Zhang et al. [89].
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Figure 3.4 - The influence of polycarboxylate ether content on the water demand of cement mortar
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Figure 3.5. Flow table test result: (a) Control specimen; (b) Specimen with plasticizer content; (c) Specimen with plasticizer and air-entraining content

The combined use of PCE (polycarboxylate ether), AIR (air-entraining agent), and AF (anti-foaming) admixtures proved to be more effective in increasing the dough flow of the mortar compared to the use of just polycarboxylate ether and anti-foam agent alone.
The mortar was modified with varying dosages of the air-entraining admixture, ranging from 0,1 percent to 0,3 percent by weight of cement. Figure 3.6 illustrates the relationship between air content and amount of air-entraining admixture. It was observed that the air content of fresh cement mortar increased linearly with increasing dosage of AIR.
The efficiency of AIR increases from 1,09 percent to 15,03 percent as the air content in the mortar increases from 0,1 percent to 0,3 percent by weight of cement (Figure 3.6). This is due to the stabilizing effect provided by air-entraining admixtures through their adsorption on the surface of air bubbles. When an air-entraining surfactant is added to cement mortar, its molecules penetrate between water molecules on the surface, reducing their mutual attraction. This reduces surface tension, stabilizes air bubbles, and prevents their mechanical deformation or destruction. This facilitates the formation and uniform distribution of air bubbles in the mortar [90].
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Figure 3.6 - The influence of air-entraining admixture content on air content in cement mortar
Figure 3.7 illustrates the results of the experiment on the effect of air content and type of air-entraining admixture on the flowability increment of fresh cement mortar. The data shows that as the air content increases, the flowability increment also increases. Furthermore, it can be seen from Figure 3.7 that all air-entraining admixtures improve the fluidity of cement mortar, regardless of their type. However, the extent of improvement in fluidity varies depending on the type and amount of AIR used. The images demonstrate that as the AIR content increases, there is no visible separation of water and cement or segregation of the mortar. With increasing AIR content from 0 to 0,1 percent, the diameter of the flow spread of the mortar increased from 147 to 171 millimeters, an increase of approximately 16 percent. Further growing the AIR dosage from 0,1 to 0,3 percent resulted in an even more significant increase in spread flow, with a diameter of 171 to 197 millimeters.
Compared with the control sample, there was a maximum increase in fluidity increment of 34 percent. This was achieved by increasing the dosage of the air-entraining agent from 0 percent to 0,3 percent.
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Figure 3.7 – The effect of air-entraining agent on the fresh mortar spread flow increment

The workability of fresh cement mortar can be significantly improved by the addition of an air-entraining agent. This agent forms many micro-bubbles of air, which leads to an increase in fluidity and a decrease in the tendency for water separation and segregation. Additionally, the connectivity and uniformity of the mortar are enhanced [91].
Figure 3.8 demonstrates that the effectiveness of this plasticizing agent depends on its concentration in the cement mixture. With an increase in concentration from 0,1 percent to 0,3 percent of the cement weight, the reduction in water requirement for a given viscosity increases steadily from 0 percent to 7,7 percent. However, beyond 0,2 percent, the reduction in water demand only slightly decreases from 7,7 percent to 8,9 percent with each additional 0,1 percent increase in concentration.
An increase in the air content of the cement mortar is associated with improved fluidity. Reducing the water content in the mixture leads to the formation of a more compact, less porous structure, as confirmed by experimental results.
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Figure 3.8 - Effect of air-entraining admixture (AIR)on the changes in the water demand of modified Portland cement

3.2.2 The study of density and strength of hardened cement mortar

The effect of polycarboxylate ether on the workability of cement mixtures and water consumption results in changes in the density of cement mortar, both in the fresh and hardened state. It has been found that with an increase in PCE content from 0 percent to 0,2 percent of cement mass, the density of modified cement mortar remains constant. With further increases in PCE dosage, from 0,2 percent to 0,4 percent, the density of cement mortar also remains relatively stable, at approximately 2280 kg/m³.
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Figure 3.9 - The influence of water cement ratio of on the density with PCE superplasticizer

The air content is an important factor that affects the workability, density, and compressive strength of cement mortar. Figure 3.10 shows a comparison of the density of cement mortars modified with an air-entraining admixture (AIR). Studies have shown that as the air content increases from 1 percent to 15 percent, the density of the mortar decreases linearly, from about 2280 kg/m³ to 1975 kg/m³. It was also found that for each 1 percent increase in air content, the density decreases by approximately 21,8 kg/m³.
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Figure 3.10 - The influence of air-entraining content on cement mortar density

The values of the compressive strength (Fc) and bending strength (Ff) of the cement mortar were determined after 14 days on prisms measuring 40×40×160 mm. Figure 3.11 shows the effect of the water-cement ratio on these two properties of the hardened mortar. From the figure, it can be seen that as the water-to-cement ratio decreased from 0,5 to 0,39, both the Fc and Ff values increased linearly. The compressive strength increased from 74,0 MPa to 102,6 MPa, while the flexural strength increased from 7,2 MPa to 8,6 MPa. There was a more significant increase in flexural strength than in compressive strength. These values of compressive and flexural strengths are consistent with the results presented by Erdem et al. in their study. [92].
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Figure 3.11 - Effect of water to cement ratio on compressive and flexural strength of hardened mortar at 14 days with polycarboxylate ether

The average results of experiments with different air contents for compressive (Fc) and flexural strength (Ff) are shown in Figure 3.12. It was observed that both compressive and flexural strengths increased as the air content decreased. On day 14, the compressive strength of hardened cement mortar with 1 percent air was about 75 percent higher than that with 15 percent of air content. Flexural strength was also higher by about 72 percent.
An increase in entrained air content leads to a decrease in both compressive and flexural strength, as a larger number of pores reduces the mechanical characteristics of the cement mortar. However, this decrease can be compensated for by a decrease in water-cement ratio due to the plasticizing effect of air-entraining admixtures.
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Figure 3.12 - Effect of air content on compressive and flexural strength of hardened mortar at 14 days with an air-entraining admixture

One of the main drawbacks of air-entraining admixtures is a reduction in the compressive strength of concrete as the air content increases [93]. On average, each percentage of additional air results in a loss of approximately 4 percent ± 6 percent in compressive strength. This relationship is illustrated in Figure 12, which shows that the effect of increased air content on compressive strength loss is dependent on cement content and water-to-cement ratio [94]. These findings must be considered during the design phase of a concrete mixture. According to Nowak-Michta's analysis [95] of the impact of air-training and superplasticizers on concrete, the use of polycarboxylate ether can increase compressive strength by 13-14 percent, whereas the use of air reduces strength by 5-17 percent.
However, with an increase in the air content, the workability of the cement mortar improves, which reduces the water content and therefore reduces the water-to-cement ratio. This conclusion is confirmed by the results shown in Figure 3.12. The strength of a hardened cement mortar with AIR and the same workability does not decrease if the air content increases up to 4-5 percent.

3.2.3 The study of porosity hardened cement mortar

The results shown in Figure 3.13 demonstrate that as the water-to-cement ratio increases from 0,39 to 0,50, the water absorption of cement mortar rises from 4,5 percent to 6,4 percent. At the initial stage, a steady linear growth is observed. A water absorption of up to 6 percent, corresponding to the expected high durability of concrete, can be achieved with a W/C ratio of up to 0,47. This process is likely due to an increase in capillary porosity in the hardened cement mortar as the W/C ratio increases.
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Figure 3.13 - The influence of water absorption on water and cement ratio

Figure 3 shows the results of the study on the relationship between the air content in hardened cement mortar and water absorption. The figure shows that the air content (Y) in the hardened mortar increases linearly with water absorption (X): 
 
	Y= 4.4287e0.0205x
	3.1
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Figure 3.14 - The influence of water consumption on the amount of air-entraining admixture

Figure 3.15 shows the change in the open and closed porosity of the cement mortar as a function of the amount of the plasticizing admixture PCE. The graphs indicate that an increase in the PCE concentration to 0,4 percent by weight of cement (composition P4) leads to a reduction in the open porosity (capillary porosity) of the cement paste by approximately 29 percent, due to a reduction in the water-to-cement ratio from 0,50 to 0.,38. At the same time, the closed porosity (air contained in the matrix) increases from 1 percent to 4 percent, compared to the reference composition without a superplasticizer. This phenomenon can be explained by two factors, similar to those discussed in the work of Zhao et al. [96]. First, a decrease in water content in the mortar leads to a decrease in open pore volume. Second, a reduction in water-cement ratio promotes the coalescence of air bubbles and reduces their total surface area. As a result, the denser coating of air bubbles in cement mortar leads to a thicker pore wall, which is confirmed by the decrease in open porosity and the increase in closed porosity. These findings are consistent with the results of the study [97], which showed that the use of an air entraining admixture leads to an increased coverage of bubbles with cement mortar and a thickening of pore walls, resulting in a reduction in open porosity and increase in closed porosity.
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Figure 3.15 - Effect of water to cement ratio on closed and open porosity of cement mortar

Figure 3.16 shows that increasing the content of the air-entraining admixture to 0,3 percent of cement weight results in changes in both open and closed porosity in the hardened cement mortar. Open porosity varies between 10,68 percent and 11,95 percent, while closed porosity ranges from 4,16 percent to 14,47 percent. Compared to the initial porosity of cement mortar without an air-entraining agent, open porosity increased by 11,46 percent and closed porosity increased by approximately 71,25 percent. Open pores and capillaries form as a result of removing free water, and their number and size depend mainly on the water-to-cement ratio. Closed pores form due to entrapped air in the mixture and the shrinkage of the hardening cement mortar.
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Figure 3.16 - Effect of open and closed porosity changes on air-entraining hardened cement
3.2.4 The study of freezing-thawing resistance of cement mortar

The final stage of the study for Chapter 3 involved determining the freezing-thawing resistance e of samples using the second accelerated CDF method under conditions of pre-saturation with a 3 percent NaCl mortar. Tests were conducted on samples that had been hardened in air-humid conditions for 7, 14, and 28 days.
Figure 3.17 illustrates the damage to the surface of polycarboxylate-ether modified samples after 14 cycles of freezing and thawing.
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Figure 3.17 - The surface of hardened cement mortar is modified by polycarboxylate polymer after 14 cycles of freeze-thaw: (a) C0 sample; (b) P1 sample; (c) P3 sample; (d) P4 sample

The surface deterioration of the air-entraining hardened cement mortar (HCM) specimens during 14 cycles of freeze-thaw are shown in Figure 3.17. 
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Figure 3.17 - The surface of air-entraining hardened cement mortar after 14 cycles of freeze-thaw: (a) P3 sample; (b) A1 sample; (c) A2 sample; (d) A3 sample

The figures show the external changes in the samples after various freezing and thawing cycles. The surface of the cubic samples became rougher, and the cement mortar on the surface weakened gradually with an increase in the number of cycles. After 7 cycles, only slight scaling of the mortar was observed. However, after 14 cycles, chips appeared on the corners of samples modified with polycarboxylate ether. Meanwhile, there were no chips on the corners of the samples with an air-entraining admixture. After 14 cycles, the samples maintained their shape thanks to the freezing and thawing process, and the surrounding mortar did not significantly fall off.
The results of the test presented by Nowak-Michta et al. [98] confirm good resistance to peeling after freezing and thawing. The freezing-thawing resistance of hardened cement mortars modified with plasticizers in an aqueous environment increased with an increase in the dosage of plasticizers and a decrease in the water-cement ratio, as shown in Figure 3.19. The figure shows the peeling of cement samples containing carboxylate polymers at concentrations from 0 percent to 0.4 percent by weight of cement after freeze-thawing cycling.
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Figure 3.19 - Hardened cement mortar scaling results during a freezing-thawing test in water freezing with different W/C ratio

Figure 3.20 illustrates the scaling behavior of cement specimens with and without an air-entraining admixture after undergoing freeze-thaw cycling. The highest levels of scaling were observed in specimnens of ordinary cement without any admixtures, exceeding 1 kg/m² after 18 cycles.
The data clearly demonstrates the benefit of using formulations with complex admixtures compared to those that only include a plasticizer. As shown in the figures, both groups experienced increased peeling rates as the number of cycles increased. For specimens with air-entrained admixtures, the rate of peeling remained relatively stable until cycle 14, likely due to the reduced water absorption by capillary pores in the cement matrix and the compensating effect of closed porosity. However, as the number of cycles continued to increase, internal cracks and pores in the specimens gradually expanded and coalesced, leading to surface damage. For the polycarboxylate ether group, there was a significant change in the rate of peeling of cement cubes up to 14 freeze-thaw cycles. However, after 21 cycles, this rate in this group exceeded that of the group containing air-entraining admixtures.
After 28 cycles, the rate of peeling for samples containing polycarboxylate ether was 15,57, 13,51, 6,61, 4,29 and 6,87 kg/m², respectively, while for the samples with air entrainment admixtures, these values were 6,61, 2,62, 0,97 and 0,45 kg/m².
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Figure 3.20 - Hardened cement mortar scaling results during a freezing-thawing test in water freezing with W/C ratio and air-content

In addition, the relationship between the peeling rate and the number of freeze-thaw cycles clearly indicates two distinct stages. During the initial 0-7 cycles, the weight of concrete specimens either increases slightly or remains constant, which corresponds to a stage of damage accumulation. However, after approximately 14 cycles, the scaling rate for specimens with PCE and AIR admixtures significantly increases, indicating an accelerated stage of destruction.
The density and porosity properties of the cement mortar 28 days after hardening under standard conditions are presented in Table 3.2. These data demonstrate that the highest resistance to frost, as well as predicted resistance to freeze-thawing based on the number of cycles, is characteristic of the control specimen (composition C0).
The results obtained from testing cement mortar samples after peeling are consistent with those presented in the studies by Zheng et al. [99], and Xiu et al. [100], as well as those reported by Yuan et al. [101]. Increasing the concentration of the plasticizing admixture from 0,1 percent to 0,4 percent of the cement weight reduces the criteria for frost resistance and predicted resistance to freeze-thaw cycles, depending on their number. The porosity characteristics of the cement were determined based on water absorption kinetics.

Table 3.2 - Results of freeze-thaw resistance of hardened cement paste after 28 freeze-thaw cycles

	Series
	Density, kg/m3
	Porosity, %
	KF
	Scaling after 28 cycles, kg/m2

	
	
	Open
	Closed
	
	

	C0
	2277
	14,32
	0,71
	0,55
	15,57

	P1
	2281
	12,71
	2,18
	1,91
	13,51

	P2
	2285
	10,58
	4,16
	4,37
	6,61

	P3
	2271
	10,88
	4,38
	4,47
	4,29

	P4
	2282
	9,97
	2,26
	2,52
	6,87

	A1
	2159
	10,69
	8,75
	9,09
	2,61

	A2
	2065
	11,42
	11,53
	11,22
	0,97


	Continuous of table 3.2

	Series
	Density, kg/m3
	Porosity, %
	KF
	Scaling after 28 cycles, kg/m2

	
	
	Open
	Closed
	
	

	A3
	1972
	11,95
	14,47
	13,45
	0,45



The frost resistance of cement mortars and concrete can be predicted by using the frost resistance coefficient KF. This coefficient indicates the frost resistance capacity of the solidified cement in question, which is approximately 28 freeze-thaw cycles. It has been experimentally determined that after 28 cycles, the cement scaling increases from 0,45 kg/ m2to 15,57 kg/ m2. In general, a mass decrease was recorded in all concrete samples during testing, with this decrease increasing with an increase in freeze-thaw cycles. 
Using statistical data processing with an exponential function model, we were able to obtain the dependence of scaling (mc) on the frost resistance coefficient KF (Figure 3.21). The correlation coefficient for this function was 0,9246. Test results have shown that the frost resistance of cement-based materials depends on parameters such as closed and open porosity. These parameters can be used to predict the frost resistance. Figure 3.21 demonstrates that, due to the plasticizing effect of the cement mixture, the scaling strength can be reduced about 15,5 kg/m2 to 4,5 kg/m2. With the addition of an air-entraining agent, the scaling can be further reduced by an additional 4,5 kg/m2 to 0,45 kg/m2.
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Figure 3.21 - The influence of frost resistance factor on frost resistance of cement in freezing-thawing cycles
3.3 The influence of chemical admixtures on morphology and mineralogical composition of concrete hydration products
The SEM was performed to identify the effect of plasticizing and air-entraining admixtures on the morphology of concrete hydration products. Specimens of concrete material with an addition of 0,5 percent and W/C=0,45 were taken for the experiment after the strength test. Based on the presented images (figure 3.22) from scanning electron microscopy (SEM) of concrete using a plasticizer, the following conclusions can be drawn:
The structure of the material:
- the images show the porous and heterogeneous structure of the material. Numerous voids and areas with varying degrees of compaction are observed, which is typical for concrete with admixtures;
 -it is also possible to notice the presence of ordered microparticles, which may indicate a uniform distribution of the plasticizer.
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	a)	b)
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	c)	d)
Figure 3.22 – SEM analysis of concrete: a) with 1000 resolution; b) with 2000 resolution; c) with 2500 resolution; d) element distribution map

Microcracks and defects:
- some images show microcracks and irregularities, which may be due to the process of hydration of cement and the interaction of the plasticizer with the concrete mixture.
- probably, the plasticizer promotes reducing the formation of large cracks, but the smallest defects remain visible.
Surface morphology:
- there is the presence of both dense zones (agglomerates) and loosened areas. This indicates that the components are mixed at a microscopic level.
- the effect of the plasticizer is probably expressed in a better combination of components, a decrease in porosity and an improvement in the rheological properties of the mixture.
The addition of a plasticizer, judging by the presented SEM analysis data, leads to a partial improvement in the microstructure of concrete, a decrease in porosity and an increase in the uniformity of the distribution of components. The use of a plasticizer assists in improving the microstructure of the material, reducing porosity, and distributing the components more evenly, which is confirmed by the reduction of large voids. In general, the plasticizer improves the rheological properties of the concrete mix, but microcracks and residual porosity can affect the durability and mechanical properties of concrete. 
On Figure 3.23, elemental analysis showed that the material consists mainly of oxides of oxygen (O), silicon (Si) and aluminum (Al), which is typical for concrete composites. The high oxygen peak confirms the presence of oxide compounds such as SiO₂ and AlO₃, which are the main components of cement. A small peak of carbon (C) indicates the presence of an organic plasticizer that is evenly distributed in the material. This confirms that the addition of plasticizer did not violate the basic structure of concrete but facilitated the improvement of its properties while maintaining the basic characteristics of the material.
[image: ]
Figure 3.23 - The elemental composition of the material

The table 3.2 shows an interplane distances (d, Å), intensities (%) and PDF card numbers for the phase composition of concrete with 0.5 percent plasticizer (PCE 0.5), as a result of XRD analysis. 

Table 3.1 - Interplane distances and phase composition of the Control sample C-1 (PCE 0,5)
	[bookmark: Bookmark1]d [Å]
	I [%]
	№ of card PDF

	10,03999
	10,66
	00-058-2035

	4,92060
	11,50
	00-058-2035; 00-004-0733

	4,25439
	19,53
	01-078-2315; 01-076-1239

	3,34388
	100,00
	00-058-2035; 01-078-2315; 01-076-1239; 01-072-1245

	3,24115
	45,48
	01-076-1239; 01-072-1245

	3,19189
	67,62
	00-058-2035; 01-072-1245

	3,03317
	8,26
	01-076-1239

	1,81141
	3,18
	01-078-2315; 01-076-1239; 01-072-1245



The addition of 0,5 percent superplasticizer (PCE) could affect the distribution and size of the crystalline phases. For example, a decrease in the intensity of some peaks or the appearance of new ones may indicate the interaction of the plasticizer with the cement matrix. The plasticizer has an effect on the structure of the material, possibly improving the sealing or redistributing the crystalline phases (figure 3.24).

[image: ]
Figure 3.24 - Diffractogram of the Control C-1 sample (PCE 0.5)


Conclusions of Chapter 3

Based on the experimental data, the following conclusions can be drawn for Chapter 3.
1. Influence of the capillary pore structure on the durability of cement materials.
The durability of cement-based materials is influenced by the structure of the capillary pores formed during solidification of the mixture and by the water-to-cement (W/C) ratio. A reduction in the W/C ratio can be achieved through the use of plasticizers and by increasing the air content of the mixture. Increasing the amount of polycarboxylate ether (from 0 percent to 0,4 percent, in dry material) can reduce water consumption by 22,8 percent, while maintaining workability, and reduce scaling levels from 15.6 kg/m² to 4.3 kg/m².
2. Increased air content and its effect on mortar consistency. An increase in air content has a positive effect on the consistency of the cement mixture, leading to improved workability and reduced water consumption. An increase in the amount of air in the cement mixture from 1,09 percent to 15,03 percent significantly improves the workability of the mortar by 34 percent and reduces water consumption by 8,9 percent, while maintaining the same workability. Air-entraining agents significantly enhance the flowability of the mixture and ensure stability of entrapped air in the mixture. 
4. Effect of air content on mechanical properties. Increasing the air content from 1,09 percent to 15,03 percent results in a decrease in both compressive strength (by 42 percent) and flexural strength (by 39 percent). This corresponds to a reduction in compressive and flexural strengths of approximately 3 percent and 3 percent for each additional 1 percent air involved. The density of fresh and hardened cement mortar remains constant when polycarboxylate ester plasticizers are used, but decreases from 2280 to 1975 kg/m3 when air-entraining admixtures are added.
5. Combined effect of plasticizers and air-entraining agents. The combined use of plasticizers and air-entraining agents leads to a minor increase in open porosity (approximately 1 percent), a rise in closed porosity up to 10 percent, a substantial increase in the frost resistance coefficient (KF) from 0,55 to 13,45, and an enhancement in the freeze-thawing resistance of concrete (peeling reduction from 15,57 kg/m² to 0,45 kg/m²).
6. Improving the freeze-thaw durability of concrete. By decreasing the water-to-cement (W/C) ratio from 0,50 to 0,39, the freeze-thaw endurance is enhanced to a level of approximately 4,5 kg/m². A simultaneous decrease in the W/C ratio and an increase in air content allow for an exponential reduction in peeling to 0,45 kg/m², providing superior freeze-thaw resilience for cement materials.
7. Practical implications. The findings obtained can be utilized in the design of freeze-resistant concrete mixes. The utilization of plasticizers and air-entraining admixtures has a favorable impact on the mechanical characteristics and porosity parameters of cement mortar.
From a practical perspective, these data allow for the prediction of the frost resistance of concrete during the design phase of the concrete mix formulation. The prediction of frost resistance is particularly effective for concrete containing superplasticizers based on polycarboxylic ether. The frost resistance of concrete is evaluated based on the level of peel strength (in kg/m²).


4 RHEOLOGICAL PROPERTIES OF CEMENT MORTAR MODIFIED WITH CHEMICAL ADMIXTURES

4.1 Rheological properties of cement mortar

Rheological data were collected in accordance with the methodological procedures outlined in the «Methodology» section. As per the studies [102], [103] it has been established that superplasticizers significantly influence the characteristics of cement mortar. To assess the impact of plasticizing admixtures and air-entraining agents on the rheological properties, the cement mortar samples were subjected to testing 5 and 90 minutes following mixing to evaluate the duration of the plasticizing action of the admixtures. The addition of PCE to the cement mixture and reduction of the water content in order to achieve similar consistency did not result in significant alterations in yield strength or plastic viscosity across time following mixing. The rheological profiles of modified cement mortars with varying PCE concentrations are illustrated in Figure 4.1. When PCE is incorporated into the cement mortar, the water content is reduced in order to maintain a consistent consistency, while the character of the rheological profiles remains unchanged. There was a slight increase in the yield strength observed with the addition of 0,1 percent PCE, which corresponds to a lower flow value (Dfl as shown in Table 2.16) during the experiments. The rheological profiles indicate a decreased inclination towards the abscissa axis, indicating a reduction in plastic viscosity as the dosage of PCE increases.
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Figure 4.1 - Cement mortar flow curves with different content of polycarboxylate ether (PCE) 5 min after cement mortar mixing

The addition of air-entraining chemical admixtures to cement mortars alters their rheological properties. As the concentration of the admixture increases from 0 to 0,3 percent, and the entrained air concentration in the mixture increases from 9,1 to 19,5 percent, there is a decrease in yield strength (Figure 4.2). Simultaneously, the plastic viscosity, as determined by the slope of the rheological curve, remains consistent across all entrained air concentrations. Additionally, the decrease in curvature of the curve indicates a reduction in dilatancy and an increase in thixotropic behavior of the modified mortar. The addition of an air entraining agent (Figure 4.2) results in a reduction in the yield strength of the mixture. The rheological curves shift downward, indicating a decrease in yield strength from approximately 290 Pa to approximately 150 Pa. This can be attributed to the dispersion of air bubbles and reduction in interparticle friction within the mortar, leading to improved fluidity and deformability of the mortar under stress. The concentration of the air entraining agent and volume of entrained air have a negligible impact on the plastic viscosity of the mixture, as evidenced by the constant slope of the rheological curve with respect to the x-axis.

[image: ]
Figure 4.2 - Cement mortar flow curves with different content of air–entraining admixture (AIR) in 5 min after cement mortar mixing

The use of an air-entraining agent and a polycarboxylate based plasticizer (PCE) affects the rheological characteristics of cement mortar in different ways. Figure 4.3 illustrates a synergistic effect, manifested by a significant decrease in yield strength and plastic viscosity when both PCE and the air-entraining admixture are used together. This synergistic effect is especially notable, with yield strength decreasing from approximately 250 Pa to around 10 Pa and plastic viscosity decreasing by more than 500 percent. When PCE and an air entraining agent are used in combination, there are significant changes to the rheological behavior of the mixture.
Microscopic air bubbles, when introduced into a mixture, significantly enhance its workability. These air bubbles function as a lubricant, minimizing internal friction and enhancing the fluidity of the mortar. The combined effects of these factors result in a synergistic reduction in yield strength, from approximately 260 Pa to approximately 15 Pa, and a decrease in plastic viscosity, from 1,8 Pa·s to nearly 0 Pa·s.
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Figure 4.3 - Cement mortar flow curves with polycarboxylate ether (PCE) and different content of air–entraining admixture (AIR) in 5 min after cement mortar mixing

Figure 4.4 illustrates the changes in the yield stress and plastic viscosity of cement mortar modified with plasticizer (PCE) admixtures and air-entraining agents, while reducing the water content to maintain the same consistency. As the water content decreases in mixtures containing plasticizing (PCE) and air-entraining admixtures, maintaining the same consistency, there is an increase in the yield stress of the mixture, while the plastic viscosity remains constant (Figure 4.4). The yield stress, which was approximately 250 Pa initially, increases to approximately 400 Pa as a result of this process. 
The plasticizing effect resulting from reducing the water content not only has a positive impact on the plastic viscosity but also increases the yield strength in mixtures that maintain the same consistency. Decreasing the water content of cement mortar containing PCE and AIR in order to achieve a specific consistency (flow value within the range of 142–147 mm) results in an increase in yield strength from 350 to 410 kPa (rheological curve decreases), while plastic viscosity remains stable in the mixture. This phenomenon can be explained by the reduction in the volume of the liquid phase within the mortar, leading to an increase in yield stress at constant flow conditions.
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[bookmark: _Hlk145849292]Figure 4.4 - Cement mortar flow curves with polycarboxylate ether (PCE) and different content of air–entraining admixture (AIR) in 5 min after mixing the cement mortar with water reduction for equal consistency

4.2 Water bleeding of cement mortar

The amount of water released from a mixture is an important indicator of its stability [104]. The results of testing for water separation in cement mortar showed that adding an air-entraining agent to the mixture resulted in a decrease in the amount of water separating from the mortar. This is illustrated in Figure 9 below.
The highest coefficient of water separation was observed in cement mortars that did not contain any air entrainment, and ranged from 2,09 percent to 2,47 percent. When adding air entrainment in amounts ranging from 14,1 percent to 19,5 percent, before the addition of the air-entraining admixture, a decrease in water separation from 2,47 percent to 1,07 percent was observed.
By combining plasticizing agents (PCE) with air entraining agents (AIR), it is possible to further reduce the water separation to 0,28 percent - 0,76 percent, demonstrating the effectiveness of this combined approach in increasing the stability of cement-based materials.

[image: ]

Figure 4.5 - Water bleeding of modified cement mortar

4.3 Influence of plasticizing effect

To assess the effectiveness of plasticizing and air-entraining admixtures, the rheological properties of cement mortar were measured after mixing with polycarboxylic ether (PCE) and air entrainment admixtures at 5 and 90 minutes.
The yield strength of the cement mortar, when modified with a plasticizer, remains unchanged as the water content decreases from 8,8 percent to 18 percent. However, after 90 minutes, the yield strength significantly increases (Figure 4.6a). Adding 0,1 percent of PCE to the cement weight increases the yield strength. Increasing the PCE concentration to 0,2 percent results in a significant increase of up to 2,5 times the initial value.
Over time, as the content of the plasticizer admixture increases, changes in yield strength become more pronounced, reaching a substantial increase after 90 minutes. However, the plasticization effect on the yield stress disappears more rapidly in mixtures with higher concentrations of the plasticizer. Conversely, the opposite trend is observed for plastic viscosity in cement mortar. It significantly decreases from 3,1 Pa·s to 1,2 Pa·s within 5 minutes (Figure 4.6b), although the decrease in plastic viscosity slows down after 90 minutes, from 2,4 Pa·s to 1,8 Pa·s.
Therefore, PCE significantly affects the yield strength and plastic viscosity of the mixture, with a rapid reduction in viscosity in the initial minutes and a substantial increase in yield stress over time.

[image: ][image: ]    
                         a)	b)
Figure 4.6 - Rheological parameters of modified cement mortar yield stress (a) and plastic viscosity (b) with polycarboxylate ether (PCE) 5 min and 90 min after cement mortar mixing

Experimental data demonstrate the effect of PCE content on reducing water demand in the mixture, while maintaining consistency (Figure 4.7). Plasticizing admixtures assist in dispersing cement particles, improve their lubricity, and facilitate the flow of the mixture, reducing flow resistance.
A decrease in water demand was observed, with a linear trend, reaching up to 18 percent with increasing superplasticizer content from 0 percent to 0,2 percent by mass of cement. The extent of water reduction depends on PCE modification, admixture concentration, and other factors, therefore, laboratory testing of various plasticizing agents is necessary to accurately determine effectiveness.
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Figure 4.7 - Influence of polycarboxylate ether (PCE) content on reduction of the water demand from cement mortar

Rheological tests conducted as part of this and prior studies have demonstrated that the inclusion of a plasticizer based on a polycarboxylate ester (PCE) decreases the values of the yield strength and plastic viscosity of concrete mixtures when certain concentrations are reached [105], [106].

4.4 Influence of the air-entraining effect

The addition of an air-entraining agent to the cement mixture resulted in a substantial reduction in the early strength and plasticity of the mixture within the first five minutes following mixing. This trend persisted for up to ninety minutes after mixing, as shown in Figure 4.8(a).
When the air-entraining admixture was added at concentrations of 0,1 percent and 0,2 percent by weight of cement, the air content of the mortar increased to 14,1 percent and 17 percent, respectively, significantly reducing the early strength to 93 Pascal. However, further increases in concentration did not result in a noticeable reduction. An increase in the concentration of the air-entrainer to 0,3 percent by weight led to a slight increase in strength to 112 Pa.
Ninety minutes after the mixing of the cement slurry, there was a gradual decrease in strength as the air content increased from 14,9 percent to 17,4 percent.
A similar phenomenon has also been observed with regard to plastic viscosity. After 5 minutes of mixing, as the air content increased from 14,1 percent to 19,5 percent, a constant viscosity was recorded. However, after 90 minutes of mixing, the plastic viscosity increased by a proportional amount from 2,1 Pa.s to 2,2 Pa.s.
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a)	b)
Figure 4.8 - Rheological parameters of modified cement mortar yield stress (a) and plastic viscosity (b) with air–entraining admixture 5 min and 90 min after cement mortar mixing 

4.5 Influence of both plasticizing and air–entraining effects

Figure 4.9a illustrates the changes in the yield strength of a cement mortar that was modified by the simultaneous use of plasticizing admixtures and air-entraining agents. The simultaneous use of these admixtures positively affects the workability of the cement mortar. When plasticizing agents and an air entraining agent were added, the yield strength decreased gradually from 200 kPa to approximately 10 kPa. However, after 90 minutes, the reduction in yield strength became less significant, decreasing from 260 kPa to 150 kPa.
Changes in plastic viscosity were not as pronounced, but notable changes were observed with an increase in the concentration of the air entraining admixture in conjunction with a dosage of plasticizing agent above 0,2 percent. Five minutes after mixing, when the concentration of air entraining admixture exceeded 0,2 percent of the weight of cement, the plastic viscosity of the mixture decreased to 0 Pas·s.
A synergistic effect has been observed between plasticizing and air-entraining admixtures, which results in a significant reduction in the yield strength and plastic viscosity of the modified cement grout.
However, when a small amount of 0,3 percent air-entrancing admixture was added, the plastic viscosity of the mixture increased slightly from 2,4 Pa·s to 3,1 Pa·s.
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	a)		b)
Figure 4.9 - Rheological parameters of modified cement mortar yield stress (a) and plastic viscosity (b) with both plasticizing and air–entraining mixture 5 min and 90 min after cement mortar mixing

4.6 Influence on shear thinning/thickening index

Using the approximation of experimental data and hysteresis analysis, we determined the flow characteristics shear thinning/thickening (flow behavior) of modified cement mortars with and without the addition of polycarboxylate ether (PCE) and air entraining agent (AIR), as a function of increasing shear rate.
Figures 4.10, 4.11, and 4.12 present the results of the influence of PCE and AIR on the thinning/thickening indexes of cement mortars 5 and 90 minutes after mixing. The thinning/thickening indexes, Hτ and Hη, characterize the changes in the yield strength and viscosity of the cement mortars as the shear rate increases from 20 s−1 to 120 s−1.
Figure 4.10 demonstrates the mode of change in shear rate used in rheological tests. When polycarboxylate ether (PCE) is added at a concentration of 0,2 percent by weight of cement, the plastic viscosity index varies from -0,08 Pa·s/s-1 to 0,04 Pa·s/s-1 (Figure 4.10b). From 0 percent PCE to 0,1 percent PCE, the typical behavior of thixotropy (liquefaction) of cement mortar is observed, but an increase in PCE content up to 0,2 percent causes the appearance of dilatational behavior (thickening) confirmed by a positive shear thinning/thickening index. This trend in rheological characteristics is also observed 90 minutes after mixing for the modified mortar.
The findings of the thickening behavior after PCE addition are consistent with research data presented in reference [107].
Various variations in the shear thinning/thickening indexes were observed for yield strength, with an increase in PCE concentration up to 0,2 percent leading to a decrease in yield strength as shear rate increased (Figure 4.10a).
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                                 a) 						b)
Figure 4.10 - Shear thinning/thickening index by yield stress (a) and plastic viscosity (b) of modified cement mortar with different content of PCE 5 min and 90 min after cement mortar mixing

Figure 4.11 illustrates the relationship between the shear thinning/thickening index of cement mortar containing an air-entraining admixture (ranging from 0 percent to 0,3 percent by weight of cement) and the shear rate change. The findings clearly demonstrate that an increase in entrained air content from 0 percent to 0,3 percent of cement mass leads to the manifestation of thixotropic behavior (liquefaction) in the cement mortar, while the intensity of this effect decreases after 5 and 90 minutes of mixing.
The shear thinning/thickening indexes vary between -0,08 Pa·s/s⁻¹ and -0,04 Pa·s/s⁻¹ (Figure 4.11b). Thixotropy refers to an isothermal, reversible transformation of a structured system into a non-structured or weakly-structured state under mechanical mixing. Following the end of the mechanical action, the system is able to restore its structure over time [108].
The shear thinning/thickening index for the yield strength, as a function of the content of entrained air (air entraining admixture), remained constant both 5 minutes and 90 minutes after mixing (Figure 4.11a).
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                             a)                                                                  b)
Figure 4.11 - Shear thinning/thickening index by yield stress (a) and plastic viscosity (b) of the modified cement mortar with air–entraining admixture 5 min and 90 min after cement mortar mixing

Figure 4.12 illustrates a cement mortar with a water-to-cement ratio of 0,44 and varying concentrations of polycarboxylate ether (PCE) and air-entraining agent (AIR), relative to the mass of cement.
After 90 minutes of mixing, the fluidity/thickness index exhibits negative values and gradually decreases from -0,07 Pa·s/s⁻¹ to -0,05 Pa·s/s⁻¹ as the concentration of the air-entraining admixture increases from 0 percent to 0,3 percent by weight of cement. 
The shear thinning/thickening index was found to be heterogeneous five minutes after mixing and was not assessed. In such instances, negative values for the consistency/thickness index may indicate thixotropic behavior in cement mortar.
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                             a)                                                                      b)
Figure 4.12 - Shear thinning/thickening index by yield stress (a) and plastic viscosity (b) of the modified cement mortar with PCE and air–entraining admixture 5 min and 90 min after cement mortar mixing

The shear thinning/thickening index for yield strength, with an increase in air content (through the use of an air-entraining admixture), remained unchanged for 5 and 90 minutes following mixing, with admixture content up to 0,2 percent of cement by weight. However, as the admixture content continued to increase, the index started to decrease (see Figure 4.12).

4.7 Influence of the solid and gas phase content (entrained air) on the yield stress and plastic viscosity

Figure 4.13 illustrates a diagram of the phase states of the cement mortar. 
1. Solid State (Figure 4.13). During the flow of cement mortar, the contact between solid particles of cement and filler causes significant frictional forces. This type of particle interaction is characterized by the high plastic viscosity of the mixture.
2. Liquid Phase (Figure 4.13). The presence of liquid at the boundary between filler particles reduces frictional forces during flow, leading to a decrease in the plastic viscosity of cement mortar.
3. Gas Phase (Figure 4.13). Air bubbles or other gaseous components present at the boundary further reduce the plastic viscosity, enhancing the fluidity of cement mortar and contributing to its rheological properties. 
These changes in phase state play a crucial role in determining the flow behavior and consistency of cement mortars.
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Figure 4.13 - Diagram of the effect of different phases on the fluidity of cement mortar: a) solid phase; b) liquid phase; c) liquid and air (gas) phase 

An important outcome of incorporating air bubbles into the cement mortar is a substantial decrease in yield strength and plastic viscosity, as discussed in detail in this section. This effect is achieved through the utilization of an air-entraining admixture in conjunction with a polycarboxylate-based plasticizer. This combination exhibits a synergistic impact on the rheological attributes of the mixture, enhancing its workability and minimizing the likelihood of cracking.
The computed values of the yield stress of Portland cement mortar and experimental results, contingent upon the air content within the cement mortar five minutes following mixing, are depicted in Figure 4.15.
Figure 4.16 demonstrates that as the air concentration increases, the yield strength and viscosity of cement mortar exhibit an exponential change. The findings presented in Figure 18 illustrate a significant shift in the yield strength, ranging from approximately 230 Pa to 30 Pa, with an increase in air content (volume concentration) from 9 percent to 19 percent within 5 minutes of mixing.
These findings confirm that an increase in the amount of air within the cement mortar leads to a decrease in yield strength. Based on these outcomes, a modified Mooney equation can be utilized to predict yield strength This method allows for accurate prediction of yield strength by accounting for the shape and distribution of air pores within cement mortar. Specifically, coefficients for the air pores shape ac and pore distribution density bc are employed:

	
	        (4.1)



where: 𝜏ct, 𝜏v are the cement mortar and water viscosities, Pa;  is the entrained air volume concentration in cement mortar; aa is the coefficient, evaluating air pores shape (2.9); ba is the coefficient, depending on the density of the distribution of volume of air pores volume distribution density in cement mortar (0,5). 
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Figure 4.16 - The calculated and experimentally determined dependence of the yield strength of cement mortar on the air content (volume concentration)

The modified Mooney equation can be used to predict the plastic viscosity, considering the coefficients of pore shape ab and pore density bb:

	
	(4.2)



where: ɳct, ɳv are the cement mortar and water viscosities, Pa·s;  is the entrained air volume entrained in the cement mortar; ab is the coefficient to evaluate the shape of the air pores (1,7); bb is the coefficient, depending on the volume distribution density of the air pores in the cement mortar (1,5). 
This equation allows us to consider the influence of geometric and distribution parameters of air pores on plastic viscosity in cement mortar. It provides a more accurate representation of the rheological properties of the mixture, depending on air content.
Based on the data presented in Figures 4.16 and 4.17, the calculated values of yield strength and plastic viscosity of the cement mortar determined by equations (9) and (10) are in good agreement with the experimental results. Correlation coefficients of 0.96 and 0.87 were obtained for yield strength and plastic viscosity, respectively.
This indicates that the proposed method is a reliable approach for predicting yield strength and plastic viscosity in cement mortars. It allows for accurate modeling of the rheological properties of these materials based on both experimental and theoretical data.
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Figure 4.17 - The calculated and experimentally determined dependence of the plastic viscosity of cement mortar on the air content (volume concentration).

With an increase in the amount of air in the cement mixture from 8,8 percent to 18,7 percent, both the yield strength and the plastic viscosity significantly decreased to 14,0 Pa and 0,3 Pa·s, respectively. This phenomenon can be explained by the inverse relationship between the concentration of gas phase in a mixture and the yield strength, as well as the viscosity, which decreases in accordance with an inverse exponential relationship described by the Mooney equation.
The use of the exponential function, which has been previously employed in studies on the influence of the solid phase on yield strength and viscosity in cement-based systems, is a valuable tool for analyzing how the gas phase affects these properties.
The gas phase in a mixture decreases the yield strength and plastic viscosity, while the solid phase increases them. These changes can be described by an exponential function. This method allows us to consider the effects of both the gas and solid components on the rheological properties of cement mortar.


4.8 Calculation of economic efficiency

The initial data for calculating economic efficiency were obtained from estimates and accounting for average market prices for materials and costs in the Almaty region for March 2024. The data is presented in Table 4.1, which contains the main parameters and the results of calculations of economic efficiency.


Table 4.1 -Calculation of the cost of materials for obtaining 1 m3 of concrete mix

	Material
	Price
	Consumption per m3
concrete mixture
	Cost per 1 m3, in tenge

	Ordinary concrete

	Cement
	2150 tg per 50 kg
	440 kg
	18 920

	Water
	50 tg per 1 m3
	140 l
	50

	Sand
	10 000 tg per 1 ton
	700 kg
	7 000

	Coarse aggregate
	6 000 tg per 1 m3
	1100 kg
	4 719

	Additive 
	1500 tg per per litr
	6 l
	9 000

	Total cost of material
	39 689

	Ordinary concrete with complex admixture and enhanced characteristics

	Cement
	2150 tg per 50 kg
	460 kg
	19 780

	Water
	50 tg per 1 m3
	185 l
	50

	Sand
	10 000 tg per 1 ton
	670 kg
	6 700

	Coarse aggregate
	6 000 tg per 1 m3
	1100 kg
	4 719

	Plasticizer CHRYSO Fluid 423
	1200 tg per liter
	3,345 l
	4 014

	Air-entraining SikaControl-10 LPSA
	1000 tg per liter
	1,255 l
	1 255

	Total cost of material
	36 518




Based on the research and calculations conducted, it has been established that concrete with a complex chemical additive significantly improves performance compared to conventional concrete. The developed concrete is resistant to multiple cycles of freezing and thawing, which is especially important for the climatic conditions of Kazakhstan. Increased frost resistance reduces the likelihood of cracks and damage to the structure, extending its service life. The complex chemical additive assists in improving the structure of cement stone, reducing porosity, and increasing water resistance. This allows the structure to effectively resist aggressive environmental influences, including moisture, chemicals and temperature fluctuations. The increased durability and improved characteristics of concrete make it possible to reduce the frequency of repairs and maintenance of the structure, significantly reducing the cost of its operation during its life cycle. 
The economic analysis showed that the use of modified concrete reduces the cost by 3,171 tenge per cubic meter of the mixture and provides additional benefits by reducing the cost of operating and repairing building structures. These advantages form the basis for wider implementation of the developed composition in the construction industry, which, in the long term, contributes to improving the economic and technical efficiency of construction projects.
Thus, the developed concrete with a complex chemical additive combines both technical and economic advantages, providing an effective solution for construction in difficult climatic and operational conditions. Its use is justified both from the point of view of cost reduction and from the point of view of improving the quality and durability of construction facilities.

Conclusions of Chapter 4

1. Studies were conducted on the rheological properties and behavior of cement mortars during shear, considering the effects of thixotropy and dilatancy, using plasticizing agents based on polycarboxylate ether and air entraining agents. Based on the findings, the following conclusions were drawn:
2. Modification of cement mortars using polycarboxylate ethers. Adding PCE and reducing the water content, while maintaining the consistency of the mortar, allows for a stable yield strength. This has a significant effect on the change in strength over time after mixing. The plastic viscosity of the mortar decreased from 2,4 Pa·s to 1,8 Pa·s after 90 minutes. However, after 5 minutes, the decrease was from 3.1 Pa·s to 1.2 Pa·s. With an increase in PCE content from 0 percent to 0,2 percent, the need for water decreases linearly to maintain consistency. This reduction reaches 18 percent at the highest concentration. The percentage of water reduction depends on the type of plasticizer, admixture concentration, and other factors. Additional laboratory testing with different plasticizers is required to determine the exact effect. After 5 and 90 minutes of mixing the cement mixture, the addition of AIR led to a decrease in the strength and viscosity of the mixture to 0,1 percent. However, further increases in the amount of AIR above 0,1 percent had no significant effect on these parameters.
4. The synergistic effect of PCE and AIR. The combined use of these admixtures resulted in a gradual decrease in strength from 200 Pa to approximately 10 Pa. When the AIR dosage exceeded 0,2 percent of the cement weight, the viscosity of the mortar decreased significantly to 0 Pa·s. At the same time, the reduction in strength and viscosity after 90 minutes was less pronounced.
5. Changes in the thixotropic and dilatant properties of the cement mixture. Compared with the control sample, the addition of PCE enhances the dilatancy of the mortar, while the addition of AIR reduces this property. Both admixtures also increase the thixotropic nature of the mortar by decreasing its shear viscosity.
6. Reduction of water separation. The combination of PCE and AIR significantly reduces the water separation from 2,47 percent to 1,07 percent, and further decreases could be achieved by reducing the water content of the mixture.
7. Rheological characteristics. To predict rheological properties such as yield strength and plastic viscosity, a modified exponential Mooney model can be used for modified cement mortars.
Additionally, it is recommended that research be conducted on the technological properties of self-healing concrete mixtures. This should include parameters such as the consistency of the mixture, as measured by the cone sediment test, the funnel test (V), the box test (L), and other methods. It is also necessary to investigate the effect of plasticizing and entraining air admixtures on the workability and pumpability of the concrete when using concrete pumping technologies. 
8. The use of concrete with a complex chemical admixture reduces the cost of the mixture by 3,171 tenge per cubic meter compared to the traditional composition. With large construction volumes, these savings become significant, reducing the cost of the project as a whole.





CONCLUSION

As part of the research, the scientific basis for creating the composition of monolithic concrete with the use of chemical admixtures to improve its operational and technological characteristics was developed. The analysis and practical experiments made it possible to identify the main patterns of influence of various types of chemical admixtures on the properties of concrete mixtures and hardened concrete.
The study investigated the effect of plasticizing and air-entraining admixtures on the physical, mechanical, and rheological properties of cement mortars and concretes. The findings have both theoretical and practical implications for the development of concrete mixes with improved properties.
Mechanical properties and frost resistance of cement mortar. The durability and frost resistance of cement-based materials are significantly influenced by the structure of the capillary porosity that is formed at different water-to-cement (W/C) ratios. The use of plasticizers allows for a reduction in the W/C ratio from 0,50 to 0,39, resulting in improved mechanical properties, such as compressive strength and bending strength, as well as enhanced frost resistance. Experimental findings have shown that increasing the concentration of polycarboxylate ethers to 0.4 percent of the cement weight reduces water consumption by 22.8 percent and decreases the peeling strength from 15,6 kg/m² to 4,3 kg/m².
Air-entraining admixtures enhance the workability of concrete by increasing the volume of air incorporated into the mixture up to 15 percent. This leads to a reduction in water demand of 8.9 percent, while maintaining consistency. However, it also results in a decrease in both compressive and bending strengths, necessitating compensation through optimization of the mix composition and reduction of the W/C ratio.
Porosity and structure of cement mortar. The use of various admixtures, including plasticizers and agents that trap air, allows for an optimal balance to be achieved between open and closed pores. It has been found that closed porosity has increased to 10 percent while open porosity has only increased by 1 percent, resulting in a positive impact on frost resistance. The coefficient of frost resistance (KF) has increased from 0,55 to 13,45 and the level of peeling after 28 cycles of freeze-thaw has decreased from 15,57 kg/m² to 0,45 kg/m².
Rheological properties of cement mixture. The tests have demonstrated that the addition of plasticizers and air-entraining agents has a significant impact on the rheological characteristics of the cement slurry. The reduction in plastic viscosity during the initial stages of mixing amounts to 1,2 Pa·s, which significantly facilitates the handling and placement of the mixture. The synergistic action of the admixtures results in a decrease in the yield stress from 200 Pa to 10 Pa, as well as an improvement in the thixotropic characteristics.
Estimation of cement mortar properties. A modified exponential Mooney equation is proposed for estimating parameters such as the maximum shear stress and plastic viscosity. This method allows us to consider changes in the characteristics of cement slurry under the influence of admixtures, which is crucial for designing self-healing concrete mixes with optimal technical properties.
Practical implications. The research findings have significant practical implications. The data collected allow for the prediction of the durability, frost resistance, and technological characteristics of concrete during the design phase of the mixture formulation. The utilization of plasticizing and air-entraining admixtures not only enhances the mechanical properties of cement-based materials but also reduces water consumption and improves the stability of mixtures, which is particularly crucial for operations in low-temperature and aggressive environments.
Based on the findings, it is possible to develop concrete mixtures with superior performance characteristics, such as frost resistance, strength, and durability. This data can be utilized to design construction materials suitable for use in severe climatic conditions, opening up new avenues for construction projects in areas characterized by extreme temperatures and challenging operating conditions.
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