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The current stage of development of industrialised construction methods has specific features and requires using high-performance concretes with multifunctional applications. Such concretes can be produced only if their composition is designed as a composite material. High-performance concrete is an example of a composite material. It is distinguished by a complex structure, the amount and character of components, and the features of the interphase surface, the formation of which is defined by manifestation of additive or synergy effects having an immediate impact on material performance.
The key working hypothesis of the authors is based on that the properties of concrete as a composite material can be controlled at different hierarchical levels of its structure. This can be achieved at the microlevel by changing the composition of the binder included in the matrix, using all kinds of activation of hydration and setting processes, as well as by changing the water-cement (W/C) ratio. At the meso- and macrolevels this can be done by adjusting the kind and grain-size distribution of the aggregate (coarse, fine) and filler; using micro fillers, which synergistically interact with the binder to change the matrix microstructure; introducing additives and admixtures; and by using different reinforcing elements, including natural fibrous materials.

The authors’ study is based on implementing the concept of developing building composite materials, represented by a wide range of high-performance concretes and products with enhanced service characteristics, as an integral system, which considers structure formation processes as those of self-organising dissipative systems. The system is built around the regularities of the processes of hydration-dehydration established by the authors with involvement of fundamentals of thermodynamics and colloid chemistry, and the physico-chemical mechanics of disperse systems.
The effectiveness of such a concept consists in the possibility of controlling material properties at all hierarchical levels by modifying their composition, structure and technology. This allowed developing a wide range of energy and resource-saving materials for general construction purposes and special applications, including fire-resistant, refractory, corrosion-resistant, and other materials.
Objective of study – developing the theoretical, experimental and methodological fundamentals of energy and resource-saving mineral binders and competitive composite building materials based thereon.

Object and subject of study: mineral binders for multifunctional and special applications; composite building materials based thereon; physico-chemical and colloidal-chemical properties and processes determining their durability, waterproofing qualities, water impermeability, workability, corrosion resistivity, and refractory properties.
Brief content of study
1. Physico-chemical and thermodynamical basics of synthesis of minerals and their hydration to obtain artificial stone with prescribed properties.

2. Structure formation of mineral binders and composite materials based thereon from the viewpoint of colloid chemistry and the physico-chemical mechanics of disperse systems.

3. Intensifying setting of mineral binders and composite materials based thereon.

4. Methodology of multiparameter design of construction depots for building composite materials with prescribed properties.
5. Technological aspects of using disperse substances, including those of technogenic origin (fly ash, slag, etc.), when producing building composite materials with enhanced performance characteristics. 

6. Advanced competitive composite materials based on modified mineral binders.
7. Introducing energy and resource-saving composite materials when building and operating special facilities.

Scientific novelty (as per sections of brief content):

1. Establishing new physico-chemical regularities of synthesis, hydration and dehydration of minerals and glasslike analogs to obtain artificial stone with prescribed properties in the following systems: СаО–Al2О3; СаО–SiO2; СаО–MgO–SiO2; СаО–Al2О3–SiO2; СаО–MgO–Al2О3–SiO2 in the presence of alkali metal compounds NaOH; Na2SiO3; Na2CO3. It has been shown that optimal conditions for synthesis of artificial stone strength are created when a gelled phase reinforced by crystal chemistry similarity of newgrowths is formed in hydration products. Experiments have proved and thermodynamic analysis has confirmed that optimal conditions for synthesising the strength of refractory artificial stone in the systems investigated are formed by hydration of minerals СА, СА2, β- and γ-C2S, and glasslike analogs CS; С2MS2−CMS2; С3AS3 – CAS2 in presence of Na2SiO3 due to formation in the newgrowths of a gelled phase reinforced by crystal chemistry similarity of compounds capable of topochemical recrystallisation to an anhydrous epitaxially grown substance. A principally new approach has been suggested to evaluating the quality of the artificial stone structure. It accounts for the degree of crystal chemistry similarity of newgrowths at different stages of stone structure formation in a wide temperature range. Criteria for crystal chemistry similarity of hydration and dehydration products and the degree of destruction coefficient have been suggested for quantitative evaluation of stone structure state change at elevated temperatures.

Based on the developed notions about the physico-chemical processes of hydration and dehydration of mineral binding systems, the authors have stated the basic principles of the composition structure of artificial stone with prescribed properties, including refractory properties, which, by controlling the phase composition of hydration and dehydration products, allow for directed synthesis of artificial stone with predicted thermal and mechanical characteristics, namely:

· Forming a high-strength artificial stone structure at elevated temperatures is achieved by directed synthesis of compound hydration products, which are capable of topotaxic recrystallisation, to anhydrous crystal chemistry similarity substances;

· Increasing the durability of refractory stone is linked to controlling its heat resistance by forming a fragmentary composite structure, which includes rigid zeolite-like framework newgrowths; 
· Improving the performance of building materials, including enhancing their refractory properties and corrosion resistance, is achieved by synthesising newgrowths in calcination products, which are not only crystal chemically similar to dehydration products, but also corrosion-resistant.
The authors have theoretically substantiated the possibility of developing a new class of barium-containing multifunctional cements. It is based on predicting the required combinations of phases with account of fundamental laws of thermodynamics in application to phase equilibria of multicomponent barium-containing oxide systems, in particular:

· New data have been obtained on the subsolidus structure of three and four-component oxide systems containing oxides of aluminium, iron, silicon and alkaline-earth oxides; the triangulation of three and four-component systems has been obtained and temperatures have been established, at which conodes are rebuilt with the effect of subsolidus system structure change;

· The authors have defined the principles of controlling the phase composition of materials, which are synthesised under conditions of rapid and slow cooling, this being determined by the capability of reversibility of thermodynamic equilibrium of solid-phase reactions in multicomponent systems containing alkaline-earth oxides;

· The kinetic regularities of solid-phase processes in the oxide systems being investigated have been established, and the rates of reactions of phase formation of barium-containing cements of a new class, and the energy of activation of processes has been determined;

· It has been found that phase formation processes in barium-containing cements occur due to reactions in the solid phase, which are authentically described by the Ginstling-Braunstein equations;

· The features of the processes of hydration and the mechanism of setting of barium-containing cements of a new class have been investigated, and it has been established that the basic products of hydration are hydrated aluminates, hydrated silicates and hydrated ferrites in a crystalline, cryptocrystalline or amorphous state, which during setting form a polyphase high-strength conglomerate.

2. The concepts of colloid chemistry and physico-chemical mechanics of setting have been developed to evaluate the properties of mineral binders and composite materials based thereon, in particular:

· The authors have established the electric surface properties of structural elements at the submicron level, which determine the strength, water and corrosion resistance of artificial stone and composite materials based on mineral binders. It has been shown that, at the submicron level, the structural elements of Portland cement stone are crystal hydrate particles and hydrosilicate gel globules, which are aggregates of gel particles;
· A technique has been developed for energy analysis of electric surface potentials of simple substances. The following has been improved: the techniques of calculating the absolute and equilibrium electric surface potentials of compounds; the experimental investigations of their electric surface properties, viz. adsorption of colour indicators and separation in a high-voltage electric field, thus helping to determine or specify more accurately the values of electric surface potentials and equilibrium electric surface potentials of products of hydration of mineral binders and composite materials based thereon;

· The authors have developed a model of the structure of electro-heterogeneous contacts (EHC) between structural elements of artificial stone based on mineral binders, which are composed of paired contacts between potential-specifying ions of these structural elements. The EHC model allowed developing the basics of the quantitative theory of their strength, and water and corrosion resistance. Besides, the dependence of kinetics and the degree of corrosion destruction of cement stone on the rate of dissolution of crystal hydrates of calcium hydroxide and its carryover has been found, due to which the amount of EHC between them and the hydrosilicate gel decreases;

· An optimal relation between the amount of crystal hydrates and hydrosilicate gel in products of hydration of mineral binders has been established (C/H)opt= 0.9 – 1. Along with this, the optimal values of other structural characteristics, viz. the water binding ratio and the coefficients of grain separation of fine and coarse aggregate ensure enhanced strength, waterproofness, density, and durability of composite materials based on these binders;
· The mechanism of free flow water permeability and long-term creep of cement and concrete stone has been substantiated. According to this mechanism, long-term concrete creep is conditioned by water filtration from hydrosilicate gel to cement stone pores, as well as from compressed construction zones to a dilated zone according to free flow water permeability regularities. Respective equations have been derived to predict construction deformation life, in which the kinetics and ultimate deformations depend on the length of the filtration path, W/C, (, α, free flow water permeability Wfw;

· The mechanism of concrete corrosion in flooded constructions has been substantiated, in particular, leaching during water filtration through the construction. The processes of carbonation, electric corrosion, biochemical corrosion have been considered, and respective kinetic equations have been derived to predict the service life of flooded constructions under corrosive action conditions.

3. The regularities of intensification of setting of mineral binders and composite materials based thereon, including that by using electrophysical activation have been established, in particular:

· The authors have theoretically and experimentally substantiated the methods of activating composite cements in a high-voltage electric field. The essence of these methods consists in that such cements, which contain mineral admixtures, are close in grain size composition to Portland cement (TPP fly ash, blast-furnace ground granulated slag, ground limestone, etc.), are treated in a unipolar crown discharge field created by a group of vertical corona discharge electrodes arranged in a matrix. Composite cements containing high-dispersion admixtures-compactors (compact concrete or metakaolin) are activated using the method of dry surface modification providing for preliminary bipolar charging of cement particles and mineral admixtures, followed by their agglomeration in a high-voltage alternating electric field;

· Based on computer simulation of the corona discharge electric field, the authors have calculated the concentration of mobile ions in the corona zone, which are formed by the matrix of vertical electrodes. This allows determining the design characteristics of devices for activating composite cements; 
· The regularities of change of electric surface properties (spectrum and concentration of active centres) have been obtained for the most widespread mineral admixtures for a concrete mix by treatment in a corona discharge field;

· The authors have developed the theoretical understandings about the mechanism of influence of high-voltage electrostatic activation of concrete mix components, in particular, in the corona discharge field on the character of interaction in dispersion systems, and the formation of the micro structure and the properties of concretes. Computer simulation of the corona discharge electric field allowed calculating the parameters of electrostatic polarisation of dispersion components of concrete mixes, which ensure a maximum electric activation effect;

· The influence of the parameters of the corona discharge field (sign and electric potential, and current intensity) on the parameter of the electrical kinetic (-potential of disperse concrete components, viz. Portland cement, fly ash and silica fume, has been determined. It has been established that an increasing negative value of the (-potential of mineral dispersions due to treatment in a corona discharge field ensures electrostatic stabilising of the systems. To increase the aggregative stability of cement paste, electrosteric stabilisation is needed. This is a combination of high-voltage electrostatic treatment of components with the use of superplastifying agents in the form of anion polyelectrolytes.

4. For multifactor forecasting of the building and engineering properties of composite materials based on mineral binders, the authors have developed structural criteria and cybernetic methods. Based on physico-chemical notions about the mechanism of structure formation and synthesis of properties, these methods allow for a quantitative evaluation of the effect of a multitude of technological factors on the set of building and engineering properties of composites. The structural criteria method for forecasting the properties of materials envisages the usage of relation equations for generalised structural parameters and parameters characterising their properties. For the most complex technological tasks for forecasting and optimal provision of technical parameters of materials, the cybernetic method is effective. It envisages the use and joint analysis of mathematical models, which characterise the properties of materials and the technological parameters of their production.

The potentialities of analytical and experimental methods of designing concrete compositions have been extended. Methods and algorithms for designing optimal compositions for pavement and hydraulic concretes, and concretes for setting at sub-zero temperatures have been developed. A general method has been suggested for designing the compositions of heavy and light concretes based on the ‘reduced’ C/W ratio rule. It takes into account the structural features of concrete fillers and the ‘cementing effectiveness’ of mineral admixtures, as well as the plasticising and the air entrainment capability of chemical admixtures. Methods have been suggested for adjusting and adapting the analytical dependencies when designing compositions of concretes and mixes with account of empirical data obtained during their production. 
The authors have developed the principles of producing concretes with high electrical resistance and elevated electric corrosion resistance for constructions working in severe environments.
5. New principles and technological aspects of using disperse substances, including technogenic ones (fly ash, slag, silica fume, etc.), when producing building composite materials with enhanced performance have been developed, in particular:

· It has been found that, during fine grinding of ash and slag-containing binders, introduction of complex admixtures – activators, which include advanced superplasticisers, grinding intensifiers, and setting accelerators, a significant synergetic effect is achieved. It increases their activity and improvement of building and engineering properties; 
· Experiments have proved the possibility of using an energy-saving technology to produce composite binders grade М600–700 when replacing up to 50−60 % of Portland cement clinker with fly ash and a mineral additive based on blast-furnace slag and flue dust from clinker calcination kilns with simultaneous introduction of advanced superplasticisers and a grinding intensifier – polypropylene glycol;

· The authors have developed the physico-chemical fundamentals of the composite structure of low-clinker ash slag-cement binding systems. They are not inferior in their properties to pure Portland cements and provide for simultaneous usage of sulphate, silica admixtures and superplasticisers of the naphthalene formaldehyde group. This ensures formation in newgrowths of primarily solid solutions of hydrated sulphoaluminum silicates and low-basic calcium hydrated silicates.

6. The authors have developed a theoretical understanding of the structure formation of advanced composite materials based on modified mineral binders, in particular, cement composite materials (CCM) with disperse fillers. Analysis of the mechanisms of contact interaction in such systems allowed formulating the basic principles of developing enhanced strength structures.
An effective path of implementing the established principles is mechanical-chemical activation of fillers by expanding their specific surface and introducing superplasticiser admixtures, and if required, other modifier substances. The scientific and technological basics have been developed for producing high-strength fine-grain, cast, and low-cement concrete modified with dry pack mortar using activated fillers based on technogenic source materials.

The possibility of producing high-strength concrete grade С60−С80 with the use of high-dispersion metakaolin and fly ash instead of rare microsilica has been proved. Along with enhanced strength, the use of active fillers in composite materials allows implementing the casting technology of manufacturing self-compacting mixes. In so doing, concrete mix water gain and segregation is minimised, and prolonged preservation of initial easy placement is ensured.

A significant effect is achieved by introducing activated mineral fillers based on technogenic materials into dry modified mortars. This allows making advanced mortars for different applications, viz. masonry, adhesive-based, finishing, refractory with enhanced adhesive and cohesive properties, crack-resistant, heat and frost-resistant, and waterproofing and sulphate-resistant ones.
The basics of producing high-performance concrete mixes and concretes with enhanced physico-mechanical and deformation properties have been developed. They provide for modification with complex organic-mineral admixtures and electric activation of disperse concrete components in a corona discharge field. 

An effective technology has been developed for slag-based low water consumption Portland cement grades М500−600 with clinker content of less than 20 %. It provides for introducing complex admixtures – activators – during cement grinding. A technology for based thereon modified ash-sulphate and sulphate-slag binding and composite materials with enhanced properties has been developed. It has been shown that, based on sulphate-slag binders, concrete with high corrosion resistance and mortars for different applications can be produced.

The principles and technological aspects of manufacturing environmentally safe competitive roofing products based on Portland cement and fibrous materials have been developed. They consist in using fibrous materials and pigments, which are environmentally clean and ensure prescribed properties of the products. New techniques have been developed, which include determining the electric surface properties of fibrous materials and pigments, and their capability to form EHC with cement hydration products. Methods have been suggested for guaranteeing required durability, including photostability and bio resistance of products due to their bulk pigmentation, introducing nanodisperse silver, etc.
The authors have established the dependence of composite material properties on their composition, structure and technology, allowing obtaining competitive materials and products based on mineral binders, in particular:

· Concrete for general-purpose building and special applications, including refractory, heat-resistant, corrosion-resistant, and heat insulation concrete, and other kinds produced with the use of industrial waste;

· Dry pack mortars for finishing work, waterproofing, and repairing concrete, reinforced concrete and stone structures; 

· Roofing products with different sections and colours based on Portland cement, chrysotile and artificial fibres, which are safe for humans and the environment. 

The practical implications of research performed consist in developing and improving energy and resource-saving mineral binders and competitive composite building materials based thereon: special cements and concretes, including refractory and corrosion-resistant, radiation-resistant, and acid-resistant ones with the use of industrial waste and by-products; dry pack mortars with a wide application range; an extended nomenclature of various section roofing; high-performance concretes and mortars, including those with enhanced waterproofness, crack resistance, electric resistance, and electric corrosion resistance for constructions working in a severe environment (flooded ones and those subject to action of leakage and stray currents, etc.), including structures for building and repairing railway constructions and structures.
The authors’ research results have been introduced to production, in particular:

· Heat-resistant and refractory cements and concretes based thereon: for lining heat-stressed areas in high-temperature plants at VPO Kaustik (Volgograd); lining chambers for pyrolysis of petrol and oil products, and coke production chambers at the petroleum and oil products plant (Nizhniy Novgorod); in industrial electrolysers at ZTMK (Zaporizhia); 

· Radiation-resistant cements and concretes based thereon for protecting special equipment at IPC and CM AS Ukraine, and at the Institute for High Technologies with the V.N. Karazin KhNU;

· Special concrete compositions have been used for building the constructions of the Novodniestrovska PS electric power plant, as well as for manufacturing products at the Lutsk integrated home-building factory; for manufacturing reinforced concrete railway sleepers without heat and humidity treatment at the enterprise TD Ukraine Promresurs (former Kremenchuk Plant for manufacturing reinforced concrete sleepers);

( A wide range of environmentally safe competitive roofing products based on Portland cement and fibrous materials has been introduced to production at the LLC Balakliiskyi Slate Factory.
Research results allowed developing and introducing a range of highly effective techniques for evaluating the technical condition, forecast the lifetime of constructions and structures working in severe environments; and of new materials, products and technologies when developing projects and renewing, reinforcing, and prolonging the service life (instead of complement replacement) of buildings and structures working in severe conditions (affected by electric currents), viz. the railway tunnel at the 168 km of the Shcherbyn-Volosianka railway section of the L’viv Railway; the constructions of bridges and flyovers at the 1,508 km of the Kotovsk(Odesa section; the 284 and 377 km Osnova ( Bukine sections, the 68 km of the Vorozhba (Liubotyn section, the 802 km Hrebinka(Cherkasy section of the Pivdenna Railway, the concrete and stone constructions of pipe culverts at the 111 km of the Kharkiv ( Kupiansk section, the 365 km of the Osnova ( Bukine section, and the 19 km Kharkiv ( Liubotyn section of the Pivdenna Railway.

The personal contributions of authors have been documented. The economic effect of these efforts was over 166 mln. UAH.

The results of authors’ research have been introduced to the education process for training Bachelors, Specialists and Masters in Civil Engineering, Railway Structures and Track Facilities. The authors prepared and published 10 text books, including Building Material Science (K.K. Pushkaryova et al., 2004, 2007, 2012), Building Material Science (L.I. Dvorkin, 2009), Material Science (for architects and designers) (K.K. Pushkaryova et al., 2012), and over 35 tutorial aids.
Number of publications, patents and defended dissertations
The authors’ research results have been published in 27 monographs and over 2,200 papers, as full texts of reports in science journals, and in collections of research papers and conference proceedings. Also, over 45 textbooks and tutorial aids were published. The total number of published abstracts, for instance, in international journals contained in the SCOPUS database is 55. The novelty and competitiveness of technical solutions have been protected by over 140 Inventor’s Certificates and invention patents. Research results have been defended by four Doctoral theses and thirty-two Candidate of Science theses.

The significance and advantages of developed building composite materials, as compared with best domestic and world ones, is further advancement of the theoretical fundamentals of building material science with extensive involvement of computer simulation for designing their composition, and optimising the structure and production process cycle. Hence, the set of quality parameters of the materials developed and the results of their industrial application is an indication of high workability, functionality, environmental safety and cost effectiveness of the technical solutions proposed.
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